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 1 
SUMMARY 
Osteoporosis is a common chronic disease resulting in significant declines in quality 
of life and attendant high costs to the healthcare system. Women are particularly 
vulnerable due to the negative skeletal effects resulting from the loss of oestrogen 
that accompany menopause. The skeleton attains “peak bone mass” before the end 
of the second decade and primary non-genetic determinants of bone “quality” like 
exercise and diet, appear to have their strongest influence during adolescence with 
weight-bearing/impact and strength-based activities appearing the most effective 
forms. Studies in postmenopausal women suggest that exercise programs may be 
able to slow bone-loss or produce very small gains in bone mass and hence women 
who enter menopause with lower than normal bone mass have an increased risk of 
becoming osteoporotic with a difficult road to “skeletal rehabilitation” without 
pharmaceutical intervention. Premenopausal women, at or beyond the age of peak 
bone mass, are an at-risk group if they already have low bone mass and lead 
sedentary lives. In addition, considering the forms of physical activity which are 
known to be osteogenic, women who engage primarily in physical activities that take 
place in a weight supporting medium might actually add to their risk of developing 
osteoporosis. 
This thesis reports the results of three studies which investigated the links between 
exercise and bone mass in a group of premenopausal women at or beyond the age 
of peak bone mass. In the first study, bone mass and body composition (dual energy 
X-ray absorptiometry- DXA), historical physical activity, calcium intake and menstrual 
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status (all by survey) were measured in 43 premenopausal swimmers (mean age 
40.9 years) recruited from the Australian Union of Senior Swimmers (AUSSI) and 44 
similarly-aged community dwelling controls (mean age 43.6 years) to test the 
proposition that swimming has a detrimental effect on bone. In the second study, 
additional subjects recruited at the commencement of the program were added to 
those participating in the “swimming study”, providing 152 adult premenopausal 
women (mean age 39.9 years) who were used to elucidate important determinants of 
current bone mass. They underwent measures of bone mass/body composition by 
DXA and provided estimates of historical physical activity, menstrual status and 
calcium intake, while subsets undertook measurements of strength (N=72; isokinetic 
and isotonic by dynamometer) and cardiovascular fitness (N=66; maximum oxygen 
uptake on a bicycle ergometer). 
The third study tested the ability of two, specifically designed, totally home-based 
“impact” exercise programs (forceplate) to improve bone mass in adult 
premenopausal women who had been identified as having low bone mass at the hip 
(proximal femur), lumbar spine and/or ultradistal radius in the first two studies. In this 
case, women were randomly assigned to exercise or control groups and 
subsequently pair-matched on the bases of age, regional bone mass and body mass 
index, yielding 22, 20 and 24 pairs (hip, spine and radius respectively) with overlaps 
between groups (107 subjects in total, mean age ~41 years). The programs had an 
average duration of 68 weeks. Physical activity, calcium intake and menopausal 
status were determined retrospectively (survey). 
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The results of the first study indicated that endurance-style swimming in women 
averaging over two hours per week (current) and ~1.5 hours per week (lifetime) had 
no negative effect on the skeleton. This conclusion was supported by the following 
findings: there were no significant differences between swimmers and controls for 
bone mass at any site; there were significantly more instances of low bone mass in 
the controls; swimmers in the upper quartile for swimming participation generally had 
higher bone mass at all sites than those in the lowest quartile despite over a four 
hour per week difference in mean swimming participation during the previous three 
years. Low calcium intakes were found in both groups but this did not appear to have 
any influence on the findings. 
The second investigation indicated that lean mass was the strongest independent 
predictor of bone mass when compared against fat mass, age, weight and body 
mass index though none produced correlations of more than moderate strength. The 
historical physical activity records (adjusted for the above variables) suggested that 
very hard physical activity (great than seven metabolic equivalents) undertaken 
during the periods 10-19, 20-29 and 30-39 years was the best independent predictor 
of current bone mass of the various activity categories explored. In contrast, 
measures of total physical activity, weight bearing, and impact activity were relatively 
insensitive. Strong negative correlations between tibial shaft bone mass and impact 
exercise were found for the last two decades investigated, indicating that this site 
should be studied further. An extensive battery of strength measurements (both 
isokinetic and isotonic) indicated that a simple measure of grip strength provided the 
best general indication of current bone mass with only a small number of small 
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independent predictions offered by any of the other measurements. Finally an 
absolute measure of cardiovascular fitness (unadjusted for body weight) proved to be 
a significant independent predictor of bone mass in the lower extremities, providing 
better predictions than found if the measure was adjusted for body weight. 
University staff volunteers (20) were used either in the design of, or post-intervention 
testing of impact exercise programs involving either dropping from various heights 
with bilateral or single foot landings or arresting falls onto both or a single hand 
(forceplate). Two protocols were designed which targeted low bone mass at the hip, 
spine and/or the distal radius, both employing unilateral landings. Exercisers in each 
group achieved significant improvements from baseline (within groups) and against 
controls at each of the target-bone sites even with relatively low exercise compliance. 
The gains of the exercisers and the losses in the controls were logically concluded to 
be the results of exercise and increased age respectively. Exercisers and controls 
also improved their calcium intakes over the course of the study in response to 
recommendations and were close to the recommended daily intake with no 
intergroup differences. It was concluded that this form of exercise is a safe and 
effective means of improving low bone mass site-specifically with loads of 
approximately four times body weight (hip and spine) and one body weight (radius). 
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CHAPTER 1 
INTRODUCTION AND LITERATURE REVIEW 
1.1 Introduction 
Osteoporosis is said to have a predominately hereditary basis (up to 90% at some 
sites) with modifiable lifestyle factors like exercise and diet accounting for the 
remaining variance (Lei et al.,2006). Women are particularly vulnerable given their 
greater life expectancy and loss of the protective effects of oestrogen which 
accompany menopause. Although there are a number of pharmacological (hormone 
replacement therapy, bisphosphonates, SERMs, cyclic PTH, salmon calcitonin) and 
dietary (calcium, Vitamin D) interventions, exercise is considered beneficial for the 
maintenance and improvement of bone mass as well as contributing to fall reduction. 
It is currently thought that exercises characterized by moderate to high magnitude 
loads and rapid rise times applied sparingly (duty cycles featuring low repetitions and 
extended rest periods) offer the greatest skeletal benefits (e.g. Robling et al., 2002; 
Nikander et al., 2009). However, recent reports have highlighted the osteogenic 
potential of low magnitude high frequency regimens (vibration) in both animal and 
human models and these may yet prove to be beneficial for those whose skeletons 
are too fragile to be subjected to high loads, though application via the whole body 
route does not appear to have any direct benefits for bone (e.g. Lau et al., 2011). The 
most opportune period for maximising the effects of exercise on bone appears to be 
adolescence (e.g. Bass et al., 2002), and there is some evidence of a retained 
benefit many years later (e.g. Bass et al., 1998; Welch and Rosen, 2005). However, 
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two recent reports found that only weight-bearing exercise between the ages of 12 
and 18 years in postmenopausal women (Rideout et al., 2006) or throughout life in 
older men (>50 years) (Daly and Bass, 2006) was positively associated with current 
bone mass or geometric indicators of bone strength respectively. Swimming is a 
particularly popular activity among Australian women, ranking third for participation 
among all sports and physical activities surveyed by the Australian Bureau of 
Statistics (2002). The 35-44 year age group provided the greatest number of 
participants and 23.3% of respondents had been swimming more than 52 times in 
the 12-month survey period. A number of explanations can be offered to explain 
these findings including favourable climate, low cost, and easy access but also 
perceived safety (low impact) and positive cardiovascular benefits. Approximately 
7,000 men and women engage to varying degrees in regular training and competition 
in the Masters’ swimming program, AUSSI (Australian Union of Senior Swimmers 
International) which promotes swimming participation for health benefits for adults 
over 20 years of age. However, the osteogenic credentials of swimming are 
questionable given that the weight supporting medium reduces gravitational loading 
on the skeleton and the muscular demands of endurance swimming at least in the 
so-called “recreational swimmer” are likely to be relatively modest at least in terms of 
strength. Hence it might be speculated that swimming could have negative 
consequences for bone mass, if not supplemented by other forms of more vigorous 
physical activity particularly those featuring strength and/or impact loading. There 
have been a number of studies of the effects of low impact endurance-style exercise 
regimes like swimming and road cycling on bone mass in both sexes that support this 
concern since the majority find that no skeletal benefits accrue from their practice 
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(Fehling et al., 1995; Taaffe et al., 1995; Taaffe et al., 1997; Nichols et al., 2003; 
Maimoun et al., 2004; Smathers et al., 2004) For example, Nichols et al., (2003) 
found that male Masters’ cyclists had lower bone mass than age-matched peers, 
findings reinforced by a later follow-up investigation by the same workers in which 
bone mass declined at a significantly greater rate in cyclists versus controls (Nichols 
and Rauh, 2010). Maimoun and colleagues (2004) also found no differences 
between controls, male competitive cyclists and swimmers for bone mass while 
Taaffe et al., (1995) and Taaffe et al., (1997) studied female swimmers both cross-
sectionally and prospectively and concluded that swimming had no beneficial effects 
on the skeleton, findings supported in slightly earlier work by Fehling et al., (1995) 
and Bourrin et al., (1992) though the latter used a rat model. However, the results are 
not consistent and some investigations have associated improved skeletal properties 
with swimming exercise in humans (Orwoll et al., 1989; Block et al., 1989; Tuuri et 
al., 2002; Falk et al., 2004; Nikander et al., 2006) and animals (Hart et al., 2001; 
Huang et al., 2003; Warner et al., 2006). Importantly, many of the human swimming 
studies have been conducted on well trained young adults of both genders and 
hence may not be relevant to “normal” adults utilizing swimming primarily for health 
benefits rather than for high-level competition. Considering the vulnerability of women 
to osteoporosis and osteopenia and the apparent popularity of swimming among 
them (within Australia) it is important to determine whether swim training has any 
detrimental effects on the skeleton that might exacerbate the problem particularly for 
those women who are already at or beyond the age when peak bone mass has been 
reached (PBM). Furthermore, it would be valuable to ascertain whether women 
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already at risk for osteoporosis because of low bone mass, can reverse this situation 
in response to an exercise program featuring quantifiable impact style exercise. 
1.2 Aims and Overview of the Research Program 
The main aims of the work presented in this thesis can be posed as a series of 
questions for which the work was designed to furnish answers. Each research 
question is accompanied by the expected outcome in the form of hypotheses: 
1. Does swimming in premenopausal women, at or beyond peak bone mass, 
have a detrimental effect on bone mass as measured by dual-energy X-ray 
absorptiometry (DXA)? Hypothesis: long-term swimmers will have lower 
absolute bone mass than controls at each of the measured sites (proximal 
femur, lumbar spine, radius) 
 
2. What are the strongest predictors of total and regional bone mass in adult 
premenopausal women when a large number of potential influences are 
examined (body composition, historical and current physical activity, calcium 
intake, strength and aerobic fitness)? Hypotheses: a) weight-bearing activity 
estimated using a recall device will be a good predictor of current bone mass 
at weight-bearing sites (after adjustment for body composition) with the 
strongest relationship found for the “growing years”; b) a history of high impact 
exercise using a recall device will provide good predictions of current bone 
mass at weight bearing sites; c) Current measures of strength (after 
adjustment for body composition), will be strongly related with bone mass in a 
site-specific fashion.  
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3. Can a home-based impact exercise program featuring “dropping” exercises, 
increase bone mass in premenopausal adult women who have been identified as 
having low bone mass for age? Hypothesis: Impact exercise targeting established 
sites of low bone mass (femur, lumbar spine, radius) will significantly increase bone 
mass site-specifically.  
The above aims were approached with three linked studies, the first reported in 
Chapter 3, examined the influence of swimming on the skeleton by measuring and 
comparing regional and total body bone mass, body composition, current calcium 
intake and current and historical physical activity in swimmers recruited from the 
Australian Union of Senior Swimmers International (AUSSI) and community-dwelling 
controls. 
In the second study (Chapter 4), functional measurements of strength and 
cardiovascular fitness were coupled with bone density data and estimates of current 
and historical physical activity and applied to a larger sample of premenopausal 
women to elucidate important determinants of bone mass. 
In the final study (Chapter 5), a sample of women (swimmers and controls from the 
first two studies) who were identified as having low bone mass for age, were pair-
matched (bone mass, fat mass, lean mass, age, Body Mass Index) and participated 
as exercisers or controls in a 68-week home-based progressively increasing impact 
exercise program specifically targeting the low bone mass sites. Comparisons of pre 
and post bone mass data allowed an assessment of the efficacy of the program. 
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The remainder of the current chapter provides a review of the relevant literature 
which for clarity, has been divided into several sections. First is presented a brief 
discussion of the time of attainment of peak bone mass and the relative contribution 
made by inheritance. Such information is essential to understanding the potential for 
modifiable factors like exercise and diet to influence the process and perhaps why 
their effects might vary at different ages. This is followed by sections establishing the 
importance of mechanical loading (stress/strain) as the main “driver” of bone 
adaptation and the processes by which mechanical stimuli are transduced and 
“actioned” by bone cells. Considering the focus on exercise as a mediator/ 
determinant of bone mass in the present work, the “core” of the review is contained in 
the last section titled “Physical Activity and Bone Mass” under which heading are 
contained separate but related reviews of the effects of exercise on bone mass 
generated by different sports; the effects of strength training on bone; impact 
exercise and bone (incorporating unilateral loading sports, gymnastics and studies of 
specific impact loading regimes); the affect of age and gender on the skeletal 
response to loading/exercise and finally, studies of the skeletal effects of weight-
supported activities (swimming and cycling). 
Chapter 2 provides a detailed description of the methods applied in the present study 
including subject recruitment and the choice and justification for the various statistical 
approaches employed to analyse the data. The main findings of the research 
program are detailed in Chapters 3, 4 and 5 which present the results, discussions, 
conclusions and recommendations drawn from each of the studies conducted. 
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1.3 Literature Review 
1.3.1 Attainment of Peak Bone Mass 
Peak bone mass as determined by a number of X-ray based-techniques (chiefly 
DXA) is often said to be attained during the third decade (Soyka et al., 2000) 
however, this assertion can be misleading if it gives the impression of a linear 
increase of bone mineral accrual up until this time. There are a number of studies 
which lead to the conclusion that the peak (for all sites) is reached by early adulthood 
in both sexes with reports that up to 90% of the peak is attained by the end of 
puberty (Matkovic et al., 1990; Bonjour et al., 1994; Soyka et al., 2000). However, 
arguably the most influential work on normal bone mineral accrual is contained in a 
series of reports by Bailey and co-workers of their six-year longitudinal study of 228 
Canadian children (starting ages eight to 14 years, 115 boys, 113 girls) (Bailey et al., 
1996; Bailey, 1997). In brief, this work indicates that, in the prepubertal period, bone 
mineral is laid down in a relatively slow and steady fashion closely paralleling growth 
in length in both boys and girls with the spine, hip, forearm and total body all 
increasing more or less in parallel with changes in age, height or body weight (Bailey 
et al., 1996). However, the onset and transition through the pubertal growth spurt is 
characterized by a much more dramatic accumulation of bone mineral that first lags 
behind linear growth (by about one year) and then accelerates with 15% of final 
height contributed by the growth spurt and up to 50% of adult bone mass acquired 
during this time (Bailey et al., 1996). Interestingly, the sites of greatest mineral 
accrual also change with a shift from the skull in the 8-year-old, to the lower extremity 
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during the pubertal growth spurt, said to account for half of the pubertal increase in 
bone mineral (Seeman, 1994). This is a logical phenomenon given the large 
contribution of the lower limbs to final stature. Much smaller and gradual changes are 
seen in the spine and upper extremities which contribute between 10 and 15% of 
total bone mineral in both time periods. The findings of a large cross-sectional study 
of 574 healthy French women aged 10-24 years and 333 normally menstruating 
controls (27-47 years) provides strong support for Baileys’ longitudinal findings, at 
least for the lumbar spine. The authors found that lumbar BMC increased 
“dramatically” between skeletal ages 10 and 14 (i.e. until the first year after puberty) 
became “moderate” between skeletal ages 14 and 17 and ceased (no gains) after 
skeletal age 17 (Sabatier et al., 1996). In a study designed to investigate the 
contribution of lifestyle and constitutional factors to bone mass, Young and 
colleagues observed 215 female twin pairs (122 monozygotic, 93 dizygotic age range 
10-26 years) and reported that median BMD (femoral neck, lumbar spine) and total 
body BMC, increased with age until around 16 years and then remained unchanged 
(Young et al., 1995). Similarly, Bonjour and colleagues (1994) suggested that bone 
mass accumulation could be virtually completed before the end of the second decade 
and Takahashi et al., (1996) based on cross-sectional study of Japanese children, 
adolescents and adults, concluded that peak bone mass is mainly achieved by late 
adolescence. The relevance of the latter work to Caucasian races can be inferred 
from studies comparing Oriental and Caucasian subjects in which the differences in 
densitometrically measured bone values were attributable to differences in bone size 
rather than to any differences in bone mineral density per se. (Bhudhikanok et al., 
1996). In contrast, a two-year longitudinal study of young adult British males and 
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females (40 of each sex, 18-21 years of age at commencement) found that peak 
bone mass was still increasing, albeit slowly, at most sites (whole body, 1.1%, 0.6%; 
lumbar spine 1.5%, 1.1%; midshaft radius 1.9%, 2.0% for males and females 
respectively) at the end of the observational period, that is by age 23 years (Parsons 
et al., 1996). These findings support the conclusion reached by Recker et al., (1992) 
that there may be small gains in bone mass in women into the third decade. 
Increases of 2.3% at the spine and 5% at the femoral neck in “older” (~19 years) 
competitive female gymnasts followed for up to one year by Taaffe and colleagues 
(1997) indicates the potential for high impact exercise to have a strong influence on 
peak bone mass beyond the end of puberty. This is a theme that will be returned to 
later in the review when the effects of various forms of activity on bone mass are 
reviewed. Despite the potential to increase bone mass after statural growth is 
complete, it seems clear that the vast majority of bone acquisition is completed by 
early adulthood and that the pubertal period is indisputably the most dynamic period 
for bone mineral accrual. This finding has in turn led to the suggestion that 
adolescence provides a “window of opportunity” for exercise and nutritional 
interventions (calcium and vitamin D supplementation) to maximize the genetic 
potential for skeletal development (Bailey et al., 1996; Khan et al., 2000; Bass et al., 
2002; Davies et al., 2005). 
The question as to whether increases in bone mineral with age and maturation are 
due to increases in bone size and/or increases in the density of the bone present, 
seem to have been resolved in favour of a much greater contribution of bone size  
(Lu et al., 1994; Kroger et al., 1992, Bhudhikanok et al., 1996). Since much past and 
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present research concerning osteoporosis, targets maximizing and maintaining peak 
bone mass (particularly at common sites of osteoporotic fracture) through 
modification of lifestyle factors such as exercise and nutrition and/or avoiding 
practices which have a negative affect on bone (tobacco smoking, sedentary 
behaviour), it is important to determine what proportion of bone mass can be 
attributed to genetic and such “other” factors respectively. 
1.3.2 Genetic Control of Bone Mass 
In early work using single photon absorptiometry (SXA) of the radial midshaft of 71 
monozygotic and dizygotic twin pairs, Smith et al., (1973) concluded that bone mass 
had a significant genetic basis, a conclusion supported by similar work conducted by 
Christian et al., (1989). This conclusion has been confirmed, extended and partially 
quantified by a number of investigations using more sophisticated measures 
including DXA and quantitative computed tomography (QCT) in observations of 
parents and their off-spring (Lutz and Tesar, 1990; Matkovic et al., 1990; McKay et 
al., 1994) and on daughters and sons of parents who had sustained osteoporotic 
vertebral and femoral neck fractures (Seeman and Martin, 1989; Seeman, 1994; 
Soroko et al., 1994 ). Much of this work has been summarized in more recent 
publications. For example, in discussing the pharmacogenomics of osteoporosis, 
Nguyen and Eisman, (2006) put the estimate for genetic determination of BMD based 
upon twin studies, at the lumbar spine and femoral neck at between 70% and 80% 
respectively, with a lower contribution to the forearm (no figure given). Similarly,     
Lei et al., (2006) writing in the same issue of the same journal put the figure for total 
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BMD attributable to inheritance at 50% to 90% while Williams and Spector, (2006) 
provided an estimate for genetic determination of bone mass at between 50% and 
85%. It should be pointed out that though BMD is strongly related to bone strength, 
there can be considerable discordance between the incidence of osteoporotic 
fracture and BMD. For example Knapp et al., (2003) employing both ultrasonic and 
DXA techniques found that wrist BMD and wrist fracture were independently 
heritable. Hence the heritability of other important factors that act as determinants of 
bone strength and resistance to fracture must also be considered (muscle strength, 
bone geometry) as well as those that influence the control and extent of bone 
remodeling. The advent of the human genome project and the continued 
development of techniques for identifying genes associated with major systemic 
diseases has led to the conclusion that osteoporosis has a multifactorial genetic 
basis likely involving multiple genes and their interaction with each other and the 
environment (Williams and Spector, 2006; Zmuda et al., 2006; Uitterlinden et al., 
2006; Lei et al., 2006; Livshits, 2006). 
It would seem from the foregoing discussion that modifiable lifestyle factors, (chiefly 
exercise and diet), may generally contribute from 10 to 20% of the variation found in 
bone mass measurements (Anderson and Henderson, 1991; Rubin et al., 1993; Ho 
et al., 1997; Zanker and Cooke, 2004; Daly et al., 2008). Considering that the effect 
of exercise on bone mass is the focus of the current work, the next section provides 
an overview of mechanical factors in the regulation of bone mass, thereby providing 
a basis for understanding the interactions between bone and exercise in the review 
that follows. 
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1.3.3 Mechanical Loading and Bone Mass 
Bone as a tissue serves many vital functions: acting as a labile store for calcium salts 
and as the site of haemopoiesis and must balance these functions with its primary 
roles in protection, support, movement and application of forces to the environment 
(Martin, 2007). The primacy of bone’s mechanical function is evidenced by the 
evolution of precisely stress-oriented trabecular patterns of spongy bone and the 
distribution of compact bone resulting in structures that are light enough to reduce 
the metabolic cost of moving them while maintaining adequate strength to act as 
levers in support and movement. Given its primary mechanical functions, it is logical 
that mechanical loading should be a primary driver for maintenance and adaptation 
of bone structure (Robling et al., 2006). In serving its mechanical role, bone must be 
able to adjust its mass and the geometric arrangement of its components to 
compensate for accumulating mechanical damage and to meet changing loading 
histories. Such adjustments depend upon the ability of bone cells to sense the 
mechanical environment and employ mechanisms to accommodate any changes that 
might be necessary as a result. Two coupled processes are involved, modeling and 
remodeling. Modeling allows bones to increase in size or change shape through the 
operation of what Frost termed “formation and resorption drifts” involving the 
coordinated removal and deposition of bone on different bone surfaces through      
the operation of teams of osteoblasts and osteoclasts (Frost, 2001). Logically, such  
a process is most active during the growing years when rapid changes in the 
skeleton culminate in its mature form. However, there is some evidence to suggest 
that “minimodeling” on trabecular surfaces takes place in adults particularly in 
 17 
response to treatment with anabolic agents (cyclic parathyroid hormone treatment) 
(Jee et al., 2007). Remodeling on the other hand is a process that is active 
throughout life and turns bone over without generally producing any net increase in 
bone, though more recent evidence suggests that it is possible to “overfill” resorption 
cavities to produce increases in bone through remodeling though this is seen as a 
rare occurrence (Jee et al., 2007). Briefly, the process of remodeling involves Bone 
Multicellular Units (BMUs) comprising osteocytes (as sensors of microdamage), 
osteoblasts and osteoclasts which are first activated then remove bone and finally 
replace it (Activation, Resorption, Formation, ARF). This process allows bone to turn 
over and is thought to be primarily concerned with maintenance of bone mass and 
preventing the accumulation of fatigue damage and the resultant development and 
propagation of microcracks (Robling et al., 2006). The fact that new osteocytes are 
created by the trapping of osteoblasts in the newly formed matrix during remodeling, 
may also serve to maintain a population of viable osteocytes thought necessary for 
strain detection and control of normal bone turnover. This view is given credence by 
observations that osteocytic death and the accumulation of empty lacunae are 
associated with increases in osteoclastogenesis and remodeling activity (Ikeda, 
2008; Seeman, 2008). Though it is clear that remodeling could serve mineral 
metabolism by releasing calcium from bone, this is not apparently the means by 
which mineral homeostasis is maintained under normal conditions (Talmage and 
Talmage, 2007). An increase in the rate of the formation of remodeling sites and the 
failure to completely replace the bone lost during the resorption phase appears to be 
the primary cause of the net loss of bone that occurs in postmenopausal 
osteoporosis, particularly in the trabecular compartment. Indeed, normal trabecular 
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bone is thought to turnover at an annual rate approaching 20% compared with five 
percent for compact bone, the disparity hypothesized to relate to greater surface to 
volume ratio and marrow contact in the former (Frost, 1987; Jee and Frost, 1992). 
The mechanisms by which bone senses its mechanical environment and then sets in 
train appropriate adjustments (remodeling) have been explored in vitro and in vivo 
and in both animal and human models but have been proposed to operate within the 
constraints of a “Mechanostat” with so-called “set points” or switches for remodeling 
and modeling based upon tissue strain (Skerry, 2006). 
In view of the focus of the current investigation on bone and exercise, a brief section 
on the theories developed to explain how bone responds to mechanical stimuli has 
been included. This is not meant to be an exhaustive review given the non-
mechanistic nature of the present study, but was thought useful in providing insight 
into the mechanisms that might underpin the differential responses of bone to 
different exercise modes, or indeed lack of response. 
As has already been stated, the skeleton’s primary function is mechanical and 
changes in form and mass are mainly associated with maintaining mechanical 
competence in the face of differing needs and preventing the accumulation of 
microdamage that could ultimately lead to failure. Starting with the presumption that 
mechanical strain (deformation) provides the stimulus for the processes of modeling 
and remodeling it is logical to ask how strain is actually sensed by the skeleton? 
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1.3.3.1 Sensing strain 
Current theory suggests that osteocytes in highly connected networks act as the 
sensors for strain and in turn activate osteoprogenitor cells or osteoblasts/bone lining 
cells which ultimately coordinate the recruitment, formation and subsequent removal 
of bone by osteoclasts (the ARF sequence of events) (Cowin, 2002; Bass et al., 
2002; Turner and Robling, 2004; Pearson and Lieberman, 2004). Cowin’s 
“perspective” article (2002) on the subject summarizes a number of lines of evidence 
which place osteocytes at the centre of mechanotransduction through their ability to 
respond to fluid shear forces and streaming potentials generated by mechanical 
deformation of the bone matrix. In this model, a combination of potential transduction 
mechanisms are proposed including direct effects of shear on the cell membrane and 
on connections between the glycocalyx of the osteocyte and the walls of the 
lacunar/canalicular network in which the osteocytes reside. The latter is thought to 
provide one means of amplifying the strain signal which at the level of the cell’s 
microstructure is thought to be too small (0.1%) by itself to generate the observed 
cellular responses (Riddle and Donahue, 2009). Despite the presence of gap 
junctions connecting osteocytic processes forming what has been described as a 
syncytium, transmission via an “electrical cable-like” process has been proposed to 
explain the rapidity and distance over which the various cellular responses occur 
(Cowin, 2002). Resultant cellular responses have been identified, including 
intracellular calcium release, extracellular calcium influx, release of ATP, 
reorganization of cytoskeletal elements, enhancement of existing gap junctions and 
the insertion and opening of “hemichannels” (structured around connexin 43) and the 
up-regulation of genes associated with the production of signalling molecules like NO 
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and prostaglandins. The transmission of signals between osteocytes over distance 
and the eventual activation of osteoblasts or their precursors is suggested to occur 
through direct contact with activated osteocytes (at gap junctions) notwithstanding 
Cowen’s electrical cable proposal, and through the release and transport of various 
signalling molecules (NO, prostaglandins). Osteoblasts and their precursors then 
orchestrate the activation or suppression of osteoclastogenesis through the 
production and release of OPG (Osteoprotegrin) or the insertion of RANKL (receptor 
activator of NF-kapaB ligand) in their cell membranes coupled with the release of 
various cytokines (Hughes-Fulford, 2004; Coetzee and Kruger, 2004). It should be 
emphasized that though a strain sensing role has been proposed for osteocytes, 
osteoblasts themselves have also been shown to be directly responsive to strain 
(Hughes-Fulford, 2004; Tanaka et al., 2005) and hence it seems likely that these two 
cell types perhaps in concert with bone lining cells (quiescent osteoblasts) act 
together in detecting and responding to local strain levels. However, the placement of 
osteoblasts and bone lining cells on bone surfaces would appear to be ill-suited to 
the detection of strain produced by fluid flow through the canalicular network and 
perhaps it is through integrin binding to the extracellular matrix by which they detect 
whole bone strains (Cowin, 2002). For a recent review of bone cell 
mechanotransduction, the reader is directed to the work of Riddle and Donahue, 
(2009) where among other things, is suggested the loss of favour for the concept of 
electrical regulation by streaming potentials (flow of a charged fluid over the surface 
of bone cells). Instead, the authors propose that opening of stretch-sensitive ion 
channels in response to fluid shear, leads either directly to intracellular signalling or 
to depolarization of the cell membrane and the resultant opening of voltage-gated ion 
 21 
channels. An important result of the work in this area has been the hypothesis and 
ultimately, demonstration, that it is the combination of strain rate, strain frequency 
and strain magnitude that is “sensed” so that either low frequency high-magnitude 
signals or high frequency low-magnitude signals have been hypothesized to be 
equally osteogenic. The former may provide the rationale for the osteogenic potential 
of high-impact loading exercise while the latter perhaps underpins the maintenance 
of bone by normal muscle loading in locomotion and maintenance of posture. 
Furthermore, it explains the interest in the use of vibration as a bone formation 
stimulant. Further speculation concerns the manner in which the osteocytes exert 
their control, either through their direct contacts with osteoblasts and their 
progenitors, or by humoral factors released in response to tissue strain. Interestingly, 
some authors suggest that osteocytes normally inhibit the osteoblastic recruitment of 
osteoclasts and that loss of the inhibitory signal through disruption of the osteocytic 
syncytium through crack formation or osteocyte death (Hedgecock et al., 2007) 
releases osteoblasts from inhibition with resultant initiation of remodeling site-
specifically. Evidence of a more direct role for the osteocyte in the control of the 
remodeling cycle is provided by demonstration of their ability to produce both RANKL 
and OPG in quantities comparable to those seen in osteoblasts (Bonewald, 2011). 
The situation is further complicated by findings which indicate that a system of control 
reminiscent of that functioning through NMDA (N-methyl-D-aspartate) receptors and 
glutamate for long-term potentiation of neurons may be at work in bone turnover 
control. In this vein, Spencer and Genever (2003) hypothesized that agonists of the 
glutamate receptors discovered in osteoblast membranes, would increase bone 
responsiveness to mechanical strain while Taylor (2002) reported a year earlier that 
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blocking glutamate receptors found on osteoblasts (using pharmacological 
antagonists) prevented mineralization. A more direct link to the nervous system is 
provided by leptin secreted by adipocytes. It has been found that hypothalamic 
neurons responding to serum leptin can reduce bone mass, presumably through 
sympathetic nervous system effects. This link also provides a non-mechanical 
explanation for the often reported positive correlation between obesity/over-weight 
and bone mass, since high serum levels of leptin associated with obesity can 
apparently produce leptin resistance at the level of the hypothalamus thereby 
cancelling the negative bone effect produced by the normal hypothalamic response 
to leptin (Patel and Elefteriou, 2007). In the same paper, the authors alluded to other 
evidence of nervous system effects on bone through observations of osteopenia 
associated with reflex sympathetic dystrophy syndrome, stroke and spinal cord injury 
though it is unlikely that such effects can be divorced from co-morbidities like disuse 
atrophy of both muscle and bone. Finally, Bliziotes and his co-authors (2002) 
provided evidence of another link to nervous system control of the skeleton, or more 
accurately, to non-nervous effects of neurotransmitters when they demonstrated the 
presence of a functional serotonin system in osteoblasts derived from mice and rats 
and showed that deletion of the genes coding for the dopamine transporter, resulted 
in reduced bone mass and strength. They were however, unaware of the in vivo 
functions that might be related to this system. If it is accepted that the osteocytes and 
perhaps to a lesser extent, osteoblasts are the strain detectors, it is reasonable to 
ask how strain information is “delivered” to these cells, how they transduce it into 
chemical signals and what the output/response is? 
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1.3.3.2 Responding to strain 
Stress applied to bones (force per unit area) through impact loading or muscle 
contraction is translated primarily into tensile, compressive and shear strains (change 
in dimension/original dimension) as bone deforms under the imposed load (Robling 
et al., 2006). A number of theories have been postulated as to the nature of the 
signal generated by bone strain that is “interpreted” by the strain sensing osteocytes 
and osteoblasts, including fluid shear stress, streaming potentials and piezoelectric 
phenomena though support for the latter two appears to have waned. 
Fluid shear stress develops when bone is deformed and the resultant pressure 
gradients force bone fluid through the canalicular network. Such flow causes direct 
deformation of the membranes of the cells (including their processes) encountered 
(osteocytes and osteoblasts) which have been shown to be “extraordinarily sensitive” 
to such flows, responding in a number of ways including generation of second 
messengers like intracellular calcium and the production of prostaglandins and NO 
which can in turn effect osteoblast activity and enhance the effectiveness of gap 
junctional contact between bone cells (Turner and Robling, 2004; LaMothe et al., 
2005). The actual “switches” for such second messenger systems are hypothesized 
to include stretch-sensitive calcium channels in osteocytic membranes (Mikuni-
Takagaki et al., 2002), voltage gated calcium channels (L-channels) and integrin-
based systems which effect the nucleus through reorganization of the actin 
cytoskeleton to influence gene transcription. It has been shown that the humoral 
agents generated and released by cells in response to shear stress can suppress 
RANKL production while stimulating OPG in osteoblasts, both phenomena that 
 24 
suppress the activity and recruitment of osteoclasts and thereby tend to preserve 
bone (Coetzee and Kruger, 2004; Kim et al., 2006). Because the current work 
focuses upon the effects of exercise on bone, the following section provides a 
synthesis of the relevant research to determine the most osteogenic forms and the 
effect that age may have on the skeletal response. 
1.3.4 Physical Activity and Bone Mass 
1.3.4.1 Introduction 
With the understanding that stress evoked strains are the primary drivers of bone 
formation and adaptation, and that such strains are predominantly generated by 
different forms of physical activity, this section provides an account of the research 
concerning the effects of exercise on bone with the aim of establishing the 
osteogenic credentials of different forms of physical activity, particularly those that 
feature high impact and strength and those that feature weight-supported activity. 
That physical loading is a necessary prerequisite for the maintenance of normal bone 
properties has been well documented by the effects of microgravity environments 
encountered during space flight and by bed rest studies reviewed by LeBlanc and co-
workers (2007). In the former, long duration flights (4 to 14 months) were associated 
with monthly losses of bone of between 0.04% and 1.56% (arm and trochanter of 
femur respectively) with 92% of the 60 crew members examined, showing a minimum 
loss of 5% in at least one skeletal site (DXA measured). The most marked changes 
were seen in the lower extremity, a logical finding given the relatively greater 
reduction in loading posed by the loss of gravitational forces at this site but also the 
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loss of “pressurization” associated with changes in blood pressure. Markers of bone 
resorption (elevated significantly) and calcium balance studies (strongly negative) 
were consistent with these changes while bone formation markers were unchanged. 
The disparity between resorption and formation markers was taken as evidence of 
uncoupling of these phases of remodeling. In the same article, similar changes were 
reported from studies of prolonged bed rest. Interestingly, bone losses associated 
with both conditions appeared to recover much more slowly than they developed (1 
to 3 years after return from space). Animal studies using tail suspension or other 
approaches to unload the hind limbs paint a similar picture (Basso et al., 2005; 
Midura et al., 2006) as do more commonly encountered situations such as long term 
immobilization during plaster casting for fracture repair (Skerry and Lanyon, 1995; 
Kannus et al., 1996). It should be noted that changes in muscle (atrophy; muscle 
fibre switching from slow to fast phenotypes in postural muscles) also take place 
under conditions of unloading and these changes affect bone which is often said to 
derive its greatest strains from muscle contraction (Lang, 2011), though this is an 
issue open to debate (Kohrt et al., 2009). For a comprehensive review of bed rest 
studies, the reader is referred to a review provided by Pavy-Le Traon et al., (2007) 
which summarizes the research in this field over a 20-year period (1986 to 2006). 
A number of well-controlled animal studies have elucidated some of the important 
osteogenic features of exercise. Early work by a number of authors, using either an 
isolated avian ulnar model with implanted loading pins or a four-point bending 
approach to provide precise control of load and loading rates, allowed the 
determination of the importance of strain magnitude, strain rate and strain distribution 
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as well as the ineffectiveness of static loading to bone accretion (Lanyon and Rubin, 
1984; Rubin and Lanyon, 1985; Raab-Cullen et al., 1994; Turner et al., 1994; Turner 
and Forwood, 1995; Hsieh and Turner, 2001). In addition, a “saturation” phenomenon 
was demonstrated in the osteogenic response to loading with only a relatively small 
number of loading cycles (36/day) needed to produce the greatest dose/response 
relationship. In other words, additional loading cycles produced no further gains 
(Rubin and Lanyon, 1984). In more recent work, Robling et al., (2002), showed that 
adult female rat ulnae responded with significantly more positive osteogenic 
responses after 16 weeks (ultimate force, energy to failure, first and second moments 
of inertia, stiffness, aBMD) when loads of 17N peak force were delivered in sets of 90 
repetitions, four times per day with 3 hours between sets, than to the same load 
delivered in a single bout of 360 repetitions. Though measured by peripheral 
quantitative computed tomography (pQCT), their findings that significant 
biomechanical improvements were accompanied by what were described as 
relatively small increases in aBMD (5 to 12%), suggests perhaps that the small 
positive changes in BMD or BMC found by many researchers employing DXA to 
monitor bone adaptation in exercise studies, have biological significance. Finally, 
such research also indicates that bone responses are generally site-specific (see 
also Winters-Stone and Snow, 2006) though there have been some studies 
indicating a “general” skeletal effect with non-loaded bone showing adaptive 
changes. In this vein, Ocarino et al., (2007) reported that ovariectomized rats 
subjected to three months of daily treadmill running had increased cortical thickness 
and trabecular volume in the long bones and vertebral column, but also thicker nasal 
bones (unloaded) than ovariectomized controls, an effect that they attributed to the 
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systemic effects of hormones and growth factors. These findings point to the types of 
physical activity and patterns of application that should or should not be osteogenic in 
humans. One might expect that activities engendering high loads (higher than those 
to which the recipient is normally accustomed) with rapid rise times applied 
intermittently (to allow bone cell recovery of strain sensitivity), should produce 
positive responses in bone structure and perhaps mass at the site of application. On 
the other hand, low amplitude loads, customary loads, or constant loading, might be 
expected to have little effect. Support for the above suggestions has been provided 
by a multitude of cross-sectional studies reporting a skeletal advantage (particularly 
in terms of bone mass) for different athletic populations over more sedentary controls 
as well as for different forms of sport over others and by prospective studies of the 
same groups. The effects of more specific training regimes (strength, endurance, 
high impact) have also been investigated for their skeletal effects in both animal and 
human models and the effects of age (including developmental stage) and gender 
inferred at the same time and more recently, vibration has been the subject of 
increasing study for potential osteogenic benefits. Given the focus of the current 
work, the following sections provide a review of exercise and bone mass studies in 
order to adduce the most and least osteogenic forms with particular emphasis on 
comparing weight-bearing (including impact exercise) and nonweight-bearing 
exercise. It is presented under the following headings in sequence: 
 Exercise and bone mass with participation in different sports 
 Strength training and bone mass 
 Impact exercise and bone (gymnastics predominantly) 
 Unilateral loading activities (tennis and squash) 
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 Specific impact exercise programs 
 Studies of swimming and other weight-supported activities. 
Due to the variety of ages and developmental stages represented by the participants 
in these studies, (which include children, adults and the aged), it is possible to 
“dissect” out their interaction with exercise and arrive at some conclusions about the 
way in which the skeleton can be expected to respond to exercise throughout the 
lifespan. In addition, some of the work deals with the retention (or lack thereof) of the 
beneficial effects of exercise on bone and so this theme is incorporated in the overall 
review. It should be pointed out that the headings cannot be too rigidly applied since 
there are unavoidable overlaps, for example, weight lifters (representing strength-
training studies) are included in some of the mixed sport designs as are cyclists and 
swimmers as representatives of endurance and/or weight-supported activities. 
1.3.4.2 Exercise and bone mass with participation in different sports 
There have been numerous investigations of this type with Nilsson and Westlin 
(1971) contributing some of the earliest work. In one such study, they measured 
BMD by combining single photon absorptiometry (SPA) with anthropometry of the 
distal femur in a sample comprising 103 male athletes and controls (mean age ~22 
years). Bone mineral density rose progressively by degree of athletic participation 
(internationally ranked athletes>national competitors> active controls> inactive 
controls). It should be noted that their sample sizes were uneven with N=9, 55, 24 
and 15 respectively likely contributing to the variability of the results. In other early 
work, Heinrich and colleagues (1990) compared eumenorrheic strength-trained and 
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endurance-trained female athletes (17 to 38 years of age) on measures of bone 
mass using SPA at two sites in the radius and a dual energy isotopic technique 
(DPA) for the lumbar spine and proximal femur (gadolinium 153). Their sample was 
small comprising body builders (N=11), swimmers (N=13), collegiate runners (N=5), 
recreational runners (N=11) and normoactive controls (N=18). In short, BMC in the 
body builders exceeded all other groups at all sites, and significantly so at most (9.8 
to 20%). Interestingly, though greater in absolute terms, swimmers and runners had 
no statistically significant advantages over the controls. Similarly, and at around the 
same time, Risser et al.  (1990) reported bone mass at the calcaneus and lumbar 
spine by DXA in a small sample (N=44) of intercollegiate female swimmers, 
basketball players, volleyball players and nonathletic controls (mean age ~20 years) 
finding that their swimmers had significantly less vertebral bone (adjusted for height 
and weight) than all other groups (p<0.05). In addition, volleyballers exceeded 
controls at the same site and both weight-supported groups had higher calcaneal 
density than swimmers and controls. Heinonen et al., (1993) produced somewhat 
similar findings using similar techniques to examine105 female competitive Finish 
athletes from different sports (orienteering, cross country skiing, cycling and weight 
lifting) and 30 controls. This time weight lifters (representing strength training) had 
significantly higher BMD than controls at most sites (distal femur, patella, proximal 
tibia, distal radius, calcaneus) but not for the femoral neck, while of the other athletic 
groups, only orienteers exceeded controls at any site (hip, tibia, patella and 
calcaneus). Importantly, observation of the figures revealed that cyclists had the 
lowest average (non-significant) BMCs at four of the six sites measured.       
Heinonen et al., (1995) extended their catalogue of sports/activities to include 
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comparisons of BMD by DXA in female Finnish aerobic dancers (N=27), squash 
players (N=18), speed skaters (N=14) and two age and gender-matched control 
groups (25 sedentary, 25 active students). They found the highest weight-adjusted 
values in squash players versus sedentary controls at lumbar spine, femoral neck, 
proximal tibia and calcaneus (13.8%, 16.8%, 12.6%, 18.5% greater respectively, all 
p<0.001) while aerobic dancers and speed skaters exceeded sedentary controls at 
loaded sites (5.3 to 13.5%, 0.05 >p<0.01). In this study, the patella and distal radius 
were considered to represent unloaded sites, a questionable contention for the distal 
radius in the squash players particularly and also for the patella given its 
compression and tensile loading by the quadriceps muscles in each of the sports 
studied. Interestingly, BMD for active and sedentary controls were no different at any 
site despite the significant differences between sedentary controls and “athletes”, 
likely reflecting the small sample and greater opportunity for variability. Adult male 
rowers and triathletes were the “targets” of a small cross-sectional study carried out 
by Smith and Rutherford, (1993) who, in addition to bone mass, measured serum 
testosterone levels. They found that both total body and lumbar spine BMD (DXA) 
were significantly higher in their 12 rowers compared with triathletes (N=8) and 
controls (N=13) (0.05>p<0.01) with no advantages for the triathletes over controls. In 
addition, testosterone levels were significantly reduced in the triathletes versus 
controls, a fact that the authors suggested might have “negated” the effects of 
training on bone. However, all testosterone levels were within the normal range 
which reduces the credibility of this suggestion. Morris et al., (1999) also looked at 
rowing, bone mass and hormones, but in a longitudinal investigation of adolescent 
females (14 rowers, 10 age, height and weight-matched controls, 14 to 15 years of 
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age). Rowers were said to be training in “top-level” school-based programs 
(Melbourne, Australia). Total body, lumbar spine, total proximal femur and femoral 
neck BMD and BMC were determined by DXA and lumbar spine measurement 
expressed as BMAD (bone mineral apparent density) to account for bone size. 
Oestrogen and progesterone were determined from urinary excretion of their 
metabolites across a complete menstrual cycle during competition. The latter showed 
that several of the rowers (five) had anovulatory cycles and reduced excretion of the 
sex hormone metabolites. In addition, these girls were significantly lighter than 
ovulatory rowers with less body fat (total body DXA). At baseline the ovulatory rowers 
had the highest bone measures at all sites (significantly so only for the total body 
versus anovulatory rowers). Over the 18-month investigation, the same group had 
significant gains in lumbar BMD, BMC and BMAD compared with the others. It was 
concluded that intense training at this age may disturb the hypothalamic-pituitary-
ovarian axis with a potential for negative impact on bone mass. Although moving the 
timeline forward somewhat, yet maintaining the rowing focus, Lariviere et al., (2003) 
studied the bone responses of novice (N=19, mean 19.5 years of age) and 
experienced (N=16, mean 21.2 years of age) collegiate female rowers and 14 
controls over a 6-month season. Despite similar training and event demands, the 
experienced rowers increased adjusted spine BMD (DXA) by 2.5% over the course of 
a season, a gain significantly greater than found for the novices. However, the 
changes in the rowers were no different than experienced by controls; hence it is 
difficult to ascribe any benefit to the spine from these results. In support of this 
assertion, Morel et al., (2001) in a study including 704 amateur sportsmen (mean age 
30 years) found rowers to have the lowest lumbar and total body BMD of the 14 
 32 
sporting groups assessed, while Nevill et al., (2004) found male rowers no different to 
controls in a study involving nine different sports. Such negative findings are notable 
from the standpoint that rowing must place heavy muscular loads on the vertebral 
column, which would be expected to result in increased bone mass given the 
common perception that the greatest loads applied to bones are imposed by 
muscular contraction. 
Fehling and co-workers (1995) used a cross-sectional approach to examine the 
potential effects of what they termed impact loading (gymnastics, volleyball) and 
active loading (swimming) sports. Once again the subjects (N=45) were female 
collegiate participants and normoactive controls and again, the criterion measure was 
DXA (lumbar spine, femoral neck, Ward’s area (referred to hereafter as “Wards”), 
total body, right and left arms, right and left legs and torso). Menstrual status was 
eumenorrheic for all subjects except for two of the thirteen gymnasts who were 
amenorrheic. Height and weight-adjusted bone mass measures favoured the 
gymnasts and volleyball participants with significantly higher values than swimmers 
and controls at lumbar spine, femoral neck, Wards and total body (all p<0.05). In 
addition, gymnasts had significantly greater bone mass in the right and left arms 
(measured by region of interest analysis of the total body scans), than all other 
groups and both volleyballers and gymnasts had greater BMD in the legs and pelvis 
than swimmers and controls. Reminiscent of the findings for cyclists in Heinonen’s 
1993 study (cited previously), swimmers (weight-supported activity), were no different 
to controls at any site. Such a finding may point to an advantage in buoyancy for a 
less dense skeleton in swimmers (or differences in lean and fat mass), a probable 
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product of natural selection, though this is far from clear and will be discussed further 
in later sections specifically dealing with swimmers. 
Taaffe and colleagues (1997, cited previously) added a welcome prospective aspect 
by examining changes in bone mass over eight and 12 months in two small cohorts 
of collegiate female gymnasts (N=26 and 8 respectively), runners (N=36 only 
followed for eight months), swimmers (N=11 only followed for 12 months) and 
nonathletic women (N=11, followed for 11 months). After eight months they recorded 
significant increases (p<0.05) at the lumbar spine in the gymnasts (2.8%) compared 
with runners (-0.2%) and controls (0.7%) and at the femoral neck compared with 
runners (1.6% versus -1.2%). At the end of 12 months, a similar pattern emerged 
with gymnasts significantly increasing BMD at the lumbar spine compared with 
swimmers and controls (2.8%, -0.3%, and 2.0% respectively). For the femoral neck, 
the gymnasts had even larger gains, again significantly exceeding changes seen in 
the swimmers and controls (5.0%, -0.6%, and 2.0% respectively). Given the focus on 
swimming in the present study, the relatively large gains made by the gymnasts 
(despite initial high readings) and the negative changes for the swimmers are notable 
even admitting the small numbers involved. In the same year, Bennell and 
colleagues (1997) published a longitudinal investigation of bone mass changes over 
one year in “power” and endurance athletes. They examined bone mass and 
turnover in normoactive controls (24 women, 21 men) and athletes competing in 
different events: power (sprinters, jumpers, hurdlers and multi-event, 20 women, 21 
men) and endurance (middle-distance runners and distance runners, 26 women, 28 
men). The calibre of the athletes ranged from club to national standard (about 40% of 
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the women and 50% of the men respectively) with an age-range for the entire cohort 
of 17 to 26 years. Total and regional bone mass (both upper limbs, lumbar spine, 
both lower limbs with subdivisions: femur, tibia/fibula and foot) and body composition 
were measured by DXA while bone turnover was approximated by serum osteocalcin 
and urinary cross-link analyses. At baseline as would be expected, bone mass was 
greater in athletes than controls at most loaded sites with power athletes exceeding 
endurance athletes at the lumbar spine. Considering the women alone, power 
athletes had greater BMD at lower limb, lumbar spine and upper limb than controls 
while the endurance athletes were only favoured at the foot and tibia/fibula. Among 
the athletes, power competitors had higher lumbar and foot BMD. The pattern for the 
male athletes was similar with power athletes exceeding controls at all regional sites 
while the endurance athletes only exceeded controls at lower limb sites. Male power 
athletes like their female counterparts, had higher lumbar spine BMD than endurance 
athletes. Interestingly, only male athletes had higher total BMD than controls 
(adjusted for height and weight). At the end of the one-year observation period, small 
but significant gains were seen in BMD in both athletes and controls: total body BMD 
(1.5% to 2.2% females, 1.6% to 1.8% males), femur (1% to 2%) with no differences 
between athletes and controls. However for the lumbar spine, both male and female 
power athletes gained more bone than either controls or endurance athletes. Markers 
of bone turnover seemed inconclusive with no differences within or between groups 
for formation and only a single difference (female power>female endurance) 
observed for resorption. The authors concluded that the different patterns of loading 
were reflected in the distribution of bone mass, e.g. greatest differences in bone 
mass in the distal segments (foot) where impact loads are greatest in runners and 
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diminishing at more proximal sites; greater bone mass in power athletes who use 
their upper limbs more. The lack of difference in total body BMD between the female 
groups despite significant regional differences was taken as evidence of a 
redistribution of bone to loaded sites. The fact that bone increased in both athletes 
and controls indicates that small amounts of bone are still being added to the 
skeleton into the second decade regardless of exercise (mean age about 21 years at 
the end of the study). Still in 1997 Matsumoto et al., compared a mixed gender 
sample of 103 collegiate athletes representing judo, long distance running and 
swimming. The variables examined were total body bone density, serum markers of 
bone formation and urinary markers of bone resorption. Judoists of both sexes had 
the highest total body BMDs (p<0.001) but also significantly elevated bone turnover 
(urinary cross links) in males compared with all other groups and females versus 
same sex members of the long distance running group. Pettersson et al., (1999) 
introduced ice hockey into the “mix”, reporting impressive differences by DXA for 
areal BMD (aBMD, 7.4% to 12.7%) for total body, humerus, spine, pelvis, femoral 
neck, total femur, proximal tibia and tibial diaphysis (all 0.05>p<0.01) in a small group 
of Finnish competitive players and normoactive controls (N=20 in each group). An 
interesting finding was the lack of correlation between measures of strength and any 
bone site for the skaters and the opposite for the controls. The authors took this 
result to imply the importance of impact over muscle strength in regulating bone 
mass in their highly-trained athletes. They reiterated this conclusion following a 
comparison of two different types of impact activity in adolescent females in a small 
cross-sectional study of rope-skipping (N=10, mean age 17.8 years), soccer (N=15, 
mean age17.4 years) and sedentary controls (N=25, mean age 17.6 years). The two 
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activity groups had greater bone mass (DXA) at most loaded sites than controls. The 
skippers (after adjustments for lean mass and starting age for participation), 
exceeded soccer players for BMD at total body, lumbar spine and right humerus and 
were superior to the controls and soccer players for bone area at total body, total 
femur and proximal femur. In addition, bone area of the tibial shaft was also higher in 
skippers than soccer players (Pettersson et al., 2000). In the same year, the same 
researchers (Pettersson et al., 2000) reported the results of a small cross-sectional 
study comparing 16 female cross-country skiers (mean age 16.2 years) with 16 
normoactive controls. The differences in BMD (DXA) in favour of the athletes were 
frequent and large: right and left whole humeri and left humeral diaphysis by 6.9%, 
9.2%, 8.1% respectively; femoral neck 8.9%; greater trochanter 9.3%; femoral shaft 
7.6% and femoral neck an exceptional 19.4%. There were no intergroup differences 
in bone density of the head, taken as a site to perhaps control for any natural 
selection bias because it is not loaded by physical activity. Interestingly, concentric 
peak torque of the quadriceps was no different between the groups and whereas BMI 
was the best predictor (linear regression) of BMD in controls, muscle strength was a 
strong predictor in the skiers for both adjacent and more distant sites. Unique to this 
study were the large differences in favour of endurance athletes who seem to have 
rather modest or no differences compared with controls in many other studies, 
however, the authors suggested that their findings might reflect off-season training, 
which included strength and impact activities. It should be reiterated that the regional 
bone mass measures were derived from total body scans (less accurate than specific 
scans) and that the sample was small, likely contributing to the magnitude of the 
differences observed between the skiers and controls. In more recent work, Egan 
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and her colleagues (2006) compared young female participants (~21 years of age) in 
rugby (N=30), netball (N=20), distance running (N=11) and controls (N=25) using 
DXA (total body, proximal femur, spine). All athletic groups exceeded controls for 
bone mass while rugby players had the highest bone mass measures, but controlling 
for their higher lean and fat mass, reduced the strength and number of significant 
differences. In the same year Bellew and Gehrig, (2006) reported their findings for 
adolescent female swimmers, soccer players and weight lifters (N=64 age-range 10 
to 17 years, intra and interstate competitors) assessed by calcaneal ultrasound and 
DXA. They found significantly higher bone mass for soccer players and no 
differences between their swimmers and weight lifters, however, only the swimmers 
had readings below those of adult norms. In another small scale cross-sectional 
study, this time on soccer players alone (12 years participation; mean age 23 years), 
Calbet and colleagues (2001) found footballers had impressive advantages over 
normoactive controls in BMC and BMD (DXA) at whole body (13%), lumbar spine 
BMC and BMD (13% and 10% respectively) and BMD and BMC at all femoral sites: 
neck, intertrochanteric region, greater trochanter, Wards area (all values close to or 
exceeding 20%). The authors considered their results as evidence of the efficacy of 
prepubertal adoption and maintenance of participation in this form of sport for 
promoting bone accrual though of course, natural selection could not be ruled out as 
a major contributor. 
Adding to the list of sports/activities examined for potential bone mass benefits, 
Quintas and co-workers (2003), looked at bone mass, diet, and anthropometrics in 
female skiers (15), basketballers (26), ballet dancers (33) and 90 sedentary controls 
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all aged ~17 years. Skiers had the highest bone mass of all groups at all sites with 
the basketballers joining them in exceeding the spinal bone mass of both ballet 
dancers and controls who had similar values at this site. The ballet dancers only 
exceeded controls for the trochanteric site and had in fact, the lowest forearm mass 
of any of the groups. Problems associated with the balance between nutrient intake 
and energy outputs were considered to characterize the ballet dancers in this work. 
Indeed, low bone mass, poor dietary habits and menstrual problems appear as 
common themes in ballet dancers in some studies (e.g. Valentino et al., 2001; 
Pearce et al., 1996) but by no means all (e.g. van Marken Lichtenbelt et al., 1995). 
Others have reported that ballet produces increased mineral accrual when practiced 
over the growing years (Khan et al., 1998; Matthews et al., 2006) with the positive 
effects still present well beyond retirement (Khan et al., 1998). Returning to the 
“sports” theme, Morel et al., (2001 cited previously) carried out an investigation of 
bone mass in 704 amateur sportsmen representing 14 disciplines determined by 
reported participation between the ages of 11 and 18 years and between 18 years 
and the age at the time of the bone mass measures (mean age 30 years). Training 
indices and sport “discipline” were calculated from surveys by calculating hours of 
participation in sports per week per year over each of the time periods. The 
disciplines so determined were: endurance running (N=126), rugby (N=110), triathlon 
(N=91), multiple mixed activities (N=65), soccer (N=47), biking (N=47), fighting sports 
(N=44), multiple weight-bearing activities (N=44), rowing (N=30), body building 
(N=28), other team sports (N=20), swimming with flippers (N=20 ), climbing (N=18) 
and swimming (N=14). Total body BMD (DXA) was significantly higher in participants 
in rugby, team sports, soccer, fighting sports and body building (all 0.05>p<0.01) 
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while rowers and swimmers were significantly lower than all other groups, findings 
which echo previous reports including swimmers and rowers as subjects. Arm BMD 
was greatest for rugby and fighting sports and lumbar BMD for rugby, soccer, team 
and fighting sports. Lowest values for the lumbar site were found in swimmers (with 
or without flippers), rowers and surprisingly, body builders. Rugby players also had 
the highest total spine measures. The authors also constructed ratios to indicate the 
distribution of bone mass using total BMD as the denominator and the various 
regions as the numerators (head, arm, leg and spine). Higher arm ratios were found 
for body builders, swimmers and climbers; endurance runners and soccer players 
had higher leg ratios; rugby players had higher spine ratios; swimming and biking 
had higher head ratios as did rugby, fighting sports and soccer. A couple of important 
observations should be made with regard to the results, first, the authors accounted 
for differences in age, height, weight and training index in their statistical analysis 
which strengthens the conclusions drawn, however their regional bone mass 
measurements were based upon regions of interest from total body scans which 
provide limited accuracy. On the basis of their results, they concluded that weight-
bearing sports are osteogenic (the five weight-bearing activities had the highest total 
BMD) while non weight-bearing sports are not (swimmers and rowers had the lowest 
values). Further cross-sectional comparisons of weight-bearing versus non weight-
bearing sports were provided by Creighton and colleagues (2001) who divided 41 
eumenorrheic US level one collegiate athletes  (18-26 years of age) into high impact 
(basketball and volleyball N=8 and 6 respectively), medium impact (soccer and 
middle to short-distance track, N=9 and 4 respectively) and non-impact (swimming 
N=7) groups based upon previously measured ground reaction forces engendered by 
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each: 3.9 to 6 times body weight (BW); 2 to 3 times BW; 0 BW respectively. Seven 
normal healthy women of similar height and weight acted as controls (mean age of 
these women was significantly greater than the athletes by about three years). An 
assessment of training nature and duration was made for each group based upon 
participants’ reports. Criterion measures were DXA of lumbar spine, femoral neck, 
Wards area and trochanter and a single observation of urinary markers of bone 
turnover (X-links) and serum markers of bone formation (osteocalcin). Analysis of 
covariance (ANCOVA) adjusting for weight, BMI, total calories and calcium intake 
indicated significantly greater values for the high impact group over both no impact 
and control groups at femoral neck, and trochanter and a higher total body bone 
mass than all other groups (all p<0.05). Mean bone formation markers were 
significantly less in the non-impact group than in the High or Medium impact groups 
and an “uncoupling index” calculated from formation and resorption markers was 
significantly greater in the non-impact group compared with both impact groups. 
Clearly, this study suffers from its small sample size particularly in the control group 
and the single observation of bone markers may not provide much information on the 
fluctuations of this process that are inevitable over a season or more of training, 
however the adjusted BMD findings add qualified support to the idea that high impact 
loading activities are more osteogenic than weight-supported forms. The work of 
Nevill et al., (2004) cited above emphasizes the need to adjust areal bone BMD and 
BMC as derived from DXA for body dimensions. They examined bone mass and 
body composition in 106 athletes from a variety of sports and 15 controls (16 cyclists, 
9 “keep fit”, 12 racket sports, 15 rowers, 11 rugby, 12 running, 6 strength, 15 
triathlon, 10 “upper body”) by total body DXA and region of interest analysis (to 
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derive bone values for both arms and both legs). In a sophisticated analysis they 
applied ANCOVA with scaling factors (derived from Carter et al., 1992) to adjust the 
covariates (lean mass, fat mass, age and body mass) applied to their arm and leg 
data and assessed differences after Bonferroni adjustments for multiple 
comparisons. Prior to using this approach, they found upper body activities (rugby, 
rock climbing, kayaking, and weightlifting) had the highest arm BMD and runners the 
lowest value at this site (lower than controls). Leg BMD was highest in the rugby 
players (as was their body mass). However application of their “proportional 
allometric” ANCOVA model to the data reduced the differences between sports for 
the arm data and left racket sports the only group with a greater dominant arm BMC. 
In addition, runners replaced the rugby players for greatest leg BMC. More recently, 
Nikander and colleagues (2006) utilized functional muscle tests coupled with 
peripheral quantitative computed tomography (pQCT) in an attempt to distinguish 
between the effects of loading type and muscle joint moments on bone mass in a 
cross-sectional study of 113 female national calibre athletes and 30 non-athletic 
controls (all participants aged in their early twenties). Sports were chosen to reflect 
different loading characteristics (high impact, odd impact, repetitive non-impact) at 
different sites: volleyball (high impact, N=21), hurdling (high impact, N=24), racket 
games (odd impact, N=23), soccer (odd impact, N=18), swimming (repetitive 
nonimpact, N=27). Muscular performance was ascertained by isometric maximal 
tests of the knee extensors and elbow flexors (isokinetic dynamometer) and maximal 
take-off force and power were determined by forceplate measures during a counter-
movement vertical jump. A number of skeletal measures were made of the dominant 
upper and lower limbs at two sites each in the radius, humerus and tibia. These 
 42 
provided both BMC and dimensional data (cortical thickness, polar section modulus). 
In general, athletes, other than the swimmers, exceeded controls for adjusted (age, 
weight and height), distal tibial BMC (15-26%), cortical thickness (27-45%), and polar 
section modulus (27-44%). Similarly, at the tibial shaft, all athletes but for swimmers, 
had significantly greater BMC (12-26%), total cross-sectional area (10-22%), cortical 
thickness (8-17%) and polar section modulus (13-22%). Curiously, volleyball players 
had lower cortical density at the tibial shaft than the other athletes and controls (-0.5 
to -2.3%) while trabecular density at the distal tibia was significantly higher than 
controls in hurdlers (13%), racket players (10%) and soccer players (12%). For the 
upper extremity sites, similar findings were made with athletes significantly exceeding 
controls on nearly all measures, however, notable was the finding that only the racket 
sports players exceeded control values for cortical wall thickness at both the distal 
radius (15%) and humeral shaft (9%), a potential indicator of the site-specific loading 
applied to these sites. The authors made special note of the finding that swimmers’ 
polar section modulus was comparable to that of the impact sports at the humeral 
shaft, implying logically, that muscular loading may be the dominant determinant of 
bone mass here. Various regression techniques applied to the data led the authors to 
conclude that the stronger bones of the athletes (based upon mass and geometry) 
were a result of both impact and muscle generated-loading. The findings that 
swimmers had many fewer bone “advantages” over controls than the other athletes is 
of particular interest given the focus on swimmers in the present work. Falk and co-
workers (2007) also examined a mixed sporting group representing impact (soccer) 
and non-impact activities (swimming and water polo) but this time bone properties 
were inferred from quantitative ultrasound (velocity of ultrasound, VOS) at the distal 
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radius and mid tibia in 266 boys and men (8-23 years of age). Subjects were 
categorized as children, adolescents and young adults (training experience was 1.5 
years in children and up to 15 years in adults) providing the following numbers for 
comparisons between sports and age groups for soccer, aquatic sports and controls 
respectively: children (mean age 11.1 years): 34, 34, 25; adolescents (14.7 years): 
32, 31, 31; young adults (19.8 years): 31, 24, 24. Radial SOS increased with age but 
there were no side/side nor intergroup differences. Tibial SOS also increased with 
age but the only intergroup differences found were significant positive values in 
favour of both the soccer and aquatic athletes versus controls. It seems likely that 
this technology when applied along bone surfaces (as in this study) is not able to 
reflect underlying bone properties or is relatively insensitive to them. Greene et al., 
(2004) focused specifically on elite male adolescent middle-distance runners (mean 
age 16.8 years) but with a view to determining how high volume training at this age, 
might impact on “bone health”. Interestingly, despite high volumes of training (14 
hours of physical activity per week), after adjusting for lean mass, no differences for 
total body, lumbar spine, nor femoral BMC were found between the 20 athletes and 
their normoactive age-matched controls. The authors concluded that there was no 
evidence that this level of training was detrimental to the skeleton at this age. In a 
similar vein, but with older participants (20-35 years), Kemmler and co-workers 
(2006) compared bone mass in 20 elite male runners (>75 km/week year round) and 
11 age and BMI-matched controls. A combination of DXA (whole body and selected 
sub regions), QCT (lumbar spine, proximal femur) and quantitative ultrasound (BUA 
and SOS at the calcaneus) was employed and nutritional intake assessed. Dual 
Energy X-ray Absorptiometry revealed significantly higher values for total body BMD 
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(T-scores 0.9 and -0.2 respectively) and for two sub regions (pelvis and legs) in the 
runners. Quantitative computerised tomography also revealed significantly higher 
figures for the runners for trabecular BMD of spine, total and trabecular BMD of 
femoral neck. The controls and runners were comparable on all others X-ray 
measured bone parameters. Ultrasonic velocity and attenuation (BUA) at the 
calcaneus both favoured the runners (both p<0.01). The intent of the authors was 
similar to that of Greene et al., (2004) cited above, that is, to test the hypothesis that 
endurance running is not detrimental to the skeleton, and contended that their results 
“clearly show that in young males, long distance running does not have a detrimental 
effect on bone”. However, the number of controls was very small (11) and though 
matched with the runners in terms of age, and BMI, the controls actually had 
negative T-scores for total body BMD and the trabecular lumbar spine BMD (-0.2 and 
-0.5 respectively), suggesting that they were not representative of the young male 
population. Furthermore the T-scores of the runners at 0.9±0.8 and 0.2±0.7 for the 
same sites were not indicative of a strong positive effect. What might also be inferred 
from both studies, is that running does not provide a sufficient stimulus for bone 
accretion, though changes in bone distribution (not revealed by DXA) are possible. 
That the gender of running athletes is important in relation to bone effects was 
revealed in early studies of adult female runners by Drinkwater and co-workers who 
established the link between endurance running, amenorrhea and low bone mass 
(Drinkwater et al., 1984). Important though this finding was, the fact that their 
normally menstruating runners had no higher bone mass than controls, supports the 
contention that endurance running per se may not be beneficial for the skeleton 
despite multiple loading cycles of up to four times body weight over extended 
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periods. Louis et al., (1991) provided similar findings in a small group of female 
runners (N=35, 17 to 35 years of age) and 46 sedentary controls using QCT of the 
lumbar spine. In 17 of the runners with what was described as “oligo-amenorrhea”, 
bone mass was significantly less than for the controls but within the normal range for 
the 11 runners with regular cycles. The runners were “non-elite” indicating that even 
lighter endurance running loads have the capacity to negatively impact bone mass, in 
the face of reduced oestrogen levels. However, another explanation is to presume 
that the low oestrogen levels sometimes associated with endurance training 
(particularly in combination with low calorie intake), cause bone loss that cannot be 
compensated for by the mechanical stimulus provided by the training. This 
proposition was supported by Pettersson and colleagues (1999) who found that their 
10 amenorrheic runners (10 hour/week training, mean 21.8 years of age) had 
significantly lower bone mass at multiple sites (DXA) including non-weight-bearing 
ones than their eumenorrheic counterparts (9 hours/week training, mean 22.8 years 
of age) or female soccer players (N=16, mean 21.4 years of age). The authors found 
that some of the discrepancies could be explained by low body weight, but that the 
skeletal loads imposed by running could not compensate for the negative effects of 
low oestrogen levels. Contrary findings have also been reported with Brahm and 
associates (1997) finding a mixed sample of 30 male and female endurance runners 
(age range 19 to 54 years; mean 32) exceeded 30 controls for measures of bone 
mineral (DXA, Single Energy X-ray Absorptiometry, ultrasound) at a number of sites: 
BMD at total body (+3.6%), legs (+9.6%) and adjusted total body BMC. Femoral 
scans told a similar story with runners having 10-11% advantages at neck, trochanter 
and Wards area. Ultrasonic measures of the heel (BUA and SOS) also favoured 
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runners (9.2 and 3.1% respectively). There were no differences between groups for 
radial BMD. Serum markers of bone turnover and PTH were both lower in runners. It 
is curious that there were no gender/bone mass interactions, a finding that the 
authors used to justify pooling their data for comparisons. In addition, the runners 
were a mix of orienteers (seven women, 11 men) and marathon runners (all men) 
with a broad age range, making for a rather non-homogeneous and perhaps biased 
sample. The latter findings notwithstanding, it seems that low bone mass (when 
linked with endurance running) might not be confined to females as indicated by the 
work of Hind et al., (2006). They examined bone mass (DXA) in 109 endurance 
runners (65 females, 45 males, running 32-187 km per week for at least three years) 
with an age range of 19 to 50 years (mean for both sexes approximately 25 years). 
To account for the effects of oestrogen, women were grouped according to menstrual 
status and use of oral contraceptives (OC) resulting in 34 eumenorrheic, 17 
oligomenorrheic/amenorrheic and 17 subjects with current OC use. Comparisons 
were made against a large gender, age, race and weight-matched database provided 
by the manufacturer of the DXA unit and reported as T-scores. Lumbar spine, total 
hip and femoral neck BMD T-scores were no different between the sexes (-0.8, ~0.5, 
0.5 respectively). Sixteen men and 27 women had spinal BMD T<-1 putting them in a 
“low” category with one member of each group osteoporotic at this site (T-score< -
2.5). Smaller numbers were identified as having low total hip BMD (three men, two 
women) or femoral neck BMD (three men and four women). When menstrual status 
and OC use were factored into comparisons, lumbar BMD was lower in 
oligomenorrheic runners and OC users than in males or eumenorrheic runners while 
for the total hip and femoral neck, the oligomenorrheic runners again had significantly 
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lower bone mass than all other groups. Interestingly, the lumbar spine T-scores were 
significantly lower in the men than in eumenorrheic runners and comparable to OC 
users. Relevant to the discussion on strength training and bone, those athletes 
reporting regular resistance training, had significantly better T-scores for the lumbar 
spine than those who did not. Finally, among a number of determinants of bone mass 
(linear regression) in males, running distance and training years were the best 
predictors (negative r’s) of lumbar BMD (R2=0.4, p<0.01). The possibility of 
hypogonadism was discussed as a partial explanation, one that could not be 
addressed by the study design; however, reports citing normal testosterone levels in 
male runners with low bone mass were used to argue against this proposition. The 
discrepancies between these findings and those of a beneficial effect of endurance 
running in males cited earlier may be due to the different ages and training regimes 
of the various subjects which still leaves the question “open”. For a recent review of 
this question in females, the reader is directed to a review by Nichols and colleagues 
(2007). Such studies naturally suffer from the inability to account for the natural 
selection of those with appropriate musculoskeletal inheritance “fit for purpose” 
though prospective studies of the same groups reduce this problem. 
The effects of so-called “high performance” training on the lumbar spine were 
investigated in internationally ranked weight lifters, boxers and endurance cyclists by 
Sabo and his co-workers (1996). They found exceptionally large differences against 
21 age-matched controls by anteroposterior and lateral DXA scans: weight lifters by 
22 and 23% and boxers by 17 and 19% respectively. However their endurance 
cyclists were substantially lower than controls -10% and -8% respectively. They 
 48 
concluded that heavy axial loads were capable of producing significant increases in 
the lumbar spine and suggested that the results for the cyclists confirmed previous 
findings of reduced bone mass in endurance trained athletes. It is difficult to credit 
heavy axial loading with the finding in boxers without actually examining their training 
regimes since the sport itself would not seem likely to generate exceptional loading of 
the spine. In addition, given that both athletic groups were internationally ranked, the 
effects of natural selection on the results are likely to have been large. In terms of the 
cyclists, their weight-supported mode of exercise should set them apart from 
“endurance athletes” as a general class, in fact, they will be considered with 
swimmers in a later section of this review dealing with “weight-supported exercise”. 
Gymnasts (particularly females) have been a much studied group in the bone and 
exercise field given the young age-onset of vigorous extended training periods and 
the natural selection of small body size which actually tends to ameliorate some of 
the difficulties involved in the use of bone size-dependent DXA scanning, that is 
greater DXA determined BMC/BMD despite smaller bone size would strengthen the 
argument for a training effect. In addition, in studies of children, DXA has the 
advantage of a lower radiation dose delivered to growing tissues compared with 
techniques like QCT though the latter provides volumetric data and the capacity to 
examine different bone envelopes and therefore provide more accurate information 
on adaptation to loading. The numerous works on gymnastics will be reviewed under 
the heading “Specific impact exercise programs”. 
Interestingly, investigations of retired athletes provide conflicting results with some 
suggesting that they may retain some of the skeletal advantages that they had 
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enjoyed over more sedentary groups (Nordstrom et al., 2005) but that perhaps they 
may actually lose bone at a faster rate than controls as seen in a study of retired 
female soccer players (Valdimarsson et al., 2005). In a recent attempt to resolve the 
“retention question”, Tervo et al., (2010) examined bone mass in a group of active 
male athletes (ice hockey and badminton; N=16), former athletes from the same 
sports (N=51) and controls (N=25) over a 12-year period. Bone mineral density of the 
femoral neck, total body and lumbar spine was measured at the following times after 
baseline when the average age of participants was 17 years: two years three 
months; five years seven months; seven years eight months; eleven years eleven 
months. Over the course of the investigation, active athletes had higher adjusted 
(weight, height and age) BMD at all sites versus controls at every time point while 
former athletes exceeded controls for all but the final time point. However, the former 
athletes actually lost more femoral neck BMD than either active athletes or controls 
when the first to the final measurements were compared. The authors cautiously 
suggested that their results indicated that BMD constantly adapts to current levels of 
physical activity and hence prior high levels of physical activity might not prevent 
osteoporosis in later life. Perusal of the figures for participation in weight-bearing 
physical activity for each of the groups over the course of the study is instructive. 
Active athletes maintained approximately 10 hours per week between measurements 
up to age 28.7 years of age but then reduced to 6.8 hours by the time of the final 
measurement. Former athletes on the other hand registered, 9.1, 8.5, 5.7, 3.9 and 
finally two hours per week, over the same period. The graphs provided of BMD 
changes indicate a rather precipitous drop in BMD in the former athletes after the 
second measurement or when their physical activity dropped from 8.5 to 5.7 hours 
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and perhaps represents the relatively rapid adjustment of the skeleton to the reduced 
loading environment. The inference is that a higher bone mass derived through 
exercise cannot be preserved in the face of greatly reduced loading. 
The tentative conclusion to be drawn from mixed sport cross-sectional studies like 
those just reviewed is that sports featuring heavier impact loads and perhaps 
muscular strength are more favourable for developing the skeleton than those in 
which the weight is supported and/or feature muscular endurance. The obvious 
caveat to such a conclusion is the inability of cross-sectional studies to account for 
natural selection. Given that combinations of impact and muscle forces provide the 
major mechanical stimuli for bone adaptations, it is of interest to consider the effects 
of strength training based activities on bone mass to tease out these separate 
effects. Notwithstanding that some strength-trained athletes were subjects in the 
mixed sport studies just discussed; the following section provides a brief overview of 
studies that have focused more specifically on this mode of exercise including 
prospective investigations. An important factor which has not been addressed to this 
point, is the influence of age on the bone response to exercise, though allusions have 
been made to the likelihood that exercise during adolescence may be efficacious. 
This topic will be addressed to some extent within the following section and extended 
briefly thereafter. 
1.3.4.3 Strength training and bone mass 
Male power lifters (Granhed et al., 1987) weight lifters (Nilsson and Westlin, 1971; 
Block et al., 1989; Heinonen et al., 1993; Hamdy et al., 1994; Dinc et al., 1996) and 
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body builders (Davee et al., 1990; Fiore et al., 1991) have all been found to have 
greater bone mass in comparison with running athletes and controls. Differences 
versus controls were greater in the first two athletic populations than for body 
builders, purportedly due to a regimen of lighter loads and more repetitions practiced 
by the latter (Conroy et al., 1993). In the case of the power lifters, Granhed et al., 
(1987) suggested that compressive loads of 30 to 40 times the normal compressive 
loads due to gravity engendered by this form of exercise, accounted for their higher 
bone mass. A disparity between muscle strength and bone mass has also been 
revealed in prospective studies of strength training during which, much greater 
changes of strength have been observed compared with bone mass gains. Typically 
bone gains of the order of one to four percent at various sites have been reported 
compared with strength changes greater than 70% (dependent upon pre-training 
strength status) (Kohrt et al., 1997). It should be remembered that bone mass/density 
changes measured by DXA are generally small in exercise studies and that the bone 
variables reflected by this technique (usually non volumetric “areal density”) do not 
differentiate between cortical and trabecular bone nor their distribution which affects 
mechanical competence (e.g. moments of inertia, trabecular spacing etc.). In a 
departure from the use of X-ray based techniques, Kanehisa and Fukunaga, (1999) 
used B-mode ultrasound to approximate cross sectional areas of bone and muscle in 
the forearm, upper arm, lower leg and thigh of collegiate Olympic weight lifters, 
wrestlers and untrained controls (N=19, 17, 24 respectively; age range 20-24 years). 
They found significant correlations between bone and muscle cross-sectional areas 
at all sites (r =0.7 to 0.8, p<0.05) and between these measures and fat free mass 
raised to the two-thirds power (FFM2/3). Furthermore, the authors found significantly 
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higher values for both athletic groups versus controls at all sites with the exception of 
the lower leg, even after adjusting for FFM2/3, highlighting the relationship between 
bone and muscle mass without however, separating training and genetic 
contributions. Obviously cross sectional approaches in general, provide no 
information on the time course over which any differences in bone mass/size are 
achieved and many participants in the studies cited had trained for protracted 
periods, some from an early age. Prospective studies on the other hand have 
generally found small increases in areal bone density e.g. two to six percent (Nichols 
et al., 2007), despite relatively large increases in strength (Snow-Harter et al., 1992; 
Menkes et al., 1993; Ryan et al., 1994; Vuori et al., 1994; Friedlander et al., 1995; 
Lohman et al., 1995; Sinaki et al., 1996). In Lohman and co-workers’ 1995, weight 
training study of 22 premenopausal women for example, lumbar BMD increased 
significantly after 5, 12 and 18 months while trochanteric BMD increased at the last 
two time points (range of changes 1.8 to 2.8%). Interestingly, strength gains were 
nearly 60% based upon one repetition maximum tests (1RM). Similarly, Menkes et 
al., (1993) found that only four months of weight training was needed to produce 
significant increases at both the femoral neck (3.8%) and lumbar spine (2.0%) in a 
small number of previously inactive men (50-70 years of age). This is a rather 
surprising finding given the age of the participants and the expected time course of 
the modeling and remodeling events that must have produced them with the common 
expectation that exercise-induced changes (as opposed to changes associated with 
pharmaceutical treatments like bisphosphonates or PTH) may take a year or more to 
complete. However, repetition of such results by others and the use of control groups 
lend credence to the “reality” of such findings. In a longer trial (11 months), Kohrt et 
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al., (1997), assigned 39 “older” women (60-74 years of age) to groups undergoing 
either ground reaction force loading (walking, jogging, stair climbing), joint-reaction 
loading (weight lifting, rowing) or control. Members of both exercise groups attended 
at least three sessions per week over the last nine months of the study but were 
encouraged to attend more frequently (mean participation at the end of the study was 
3.4 sessions per week). Progression was provided in the ground reaction program by 
increasing pace, adding stair climbing and jogging with a target of 45 minutes of 
exercise at 80-85% maximum heart rate. Joint reaction-force training consisted of 
sessions divided approximately evenly between weight lifting (using free weights and 
machines, six exercises for upper and lower body) and rowing. Progression for 
weight lifting was based upon 1RM recalculated periodically (2 to 3 sets at 8 to 12 
repetitions). Rowing (presumably on an ergometer) was incremented with a goal of 
two or three 10-minute bouts at 80-85% maximum heart rate. Bone mineral density 
and body composition were assessed by DXA three monthly. At completion, only the 
ground reaction force group had significantly reduced body weight, but both training 
groups lost similar amounts of fat (p<0.01). In terms of fat-free mass, only the joint 
reaction force (weight training/rowing) group showed an increase (p<0.01) and as 
might be expected, both groups increased isokinetic strength of leg extensors and 
flexors (15% versus 9% for joint reaction and ground reaction force groups 
respectively). Gains in terms of 1RM for each of the exercises in the strength group 
were substantial for all muscle groups (range 35 to 78% improvement). For bone 
mass measures, both programs produced significant improvements at all sites other 
than the distal radius and femoral neck (whole body 2%, 1.6%; lumbar spine 1.8%, 
1.5%, Wards area 6.1%, 5.1% for ground reaction and joint reaction groups 
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respectively). However, only the ground reaction program increased femoral neck 
BMD (3.5%) whereas joint reaction training was associated with a negative return at 
this site (-0.2%, not significant). These results seem quite impressive considering the 
age of the participants and the fact that none had used oestrogen for at least two 
years. A 3.5% improvement at the femoral neck with GRF training would seem to be 
clinically important given the frequency, morbidity and mortality associated with 
fractures at this site. The authors suggested that both forms of exercise might be 
considered for such groups given that the strength-based program produced 
considerable changes in strength that would likely reduce fall incidence. These 
results suggest that postmenopausal women can respond to strength or ground 
reaction training with significant increases in bone mass at clinically relevant sites 
and apparently to an extent similar to younger groups though this is not a conclusion 
shared by all workers. A relatively recent meta-analysis of studies of resistance 
training in postmenopausal women is cited below in reference to this topic (Martyn-St 
James and Carroll, 2006). 
Layne and Nelson (1999) reviewed nearly two dozen longitudinal and cross sectional 
studies from a decade of research (1987-1996) into progressive resistance exercise 
and bone (some already cited in the current section as well as in the preceding one), 
concluding that a direct positive link exists between resistance training and bone 
density. More specifically, they suggested that positive effects were site-specific (to 
the muscles and the bones to which they attach), magnitude dependent (heavier 
loads cause greater adaptation) and effective over the lifespan though, in apparent 
contradiction of Kohrt et al., (1997) (cited above), more for maintenance of structure 
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in older subjects. More recently, Notomi et al., (2000) used 30 young Sprague 
Dawley rats (4 weeks of age) to investigate the effects of electrically stimulated 
loaded vertical jumping exercises (70% of 1RM, 10 sets of 15 repetitions per day) 
against aerobic exercise (running one hour per day, 24 m/minute) and controls over a 
four week period. Bone properties (L5 and midshaft of left femur) were assessed by 
DXA (BMD/BMC) mechanical testing (compression) and histomorphometry. Jumping, 
even after such a brief intervention, resulted in significant increases in many 
measured bone properties: vertebral and femoral mass and strength, cross-section, 
trabecular bone volume per bone surface, trabecular thickness and trabecular bone 
formation as well as reduced trabecular separation and osteoclast surface per bone 
surface (all 0.05<p<0.01). Generally, there were no changes in controls or runners, 
except that runners also increased bone formation rate to bone surface in the mid 
femoral shaft. The authors concluded that resistance exercise accelerates “cortical 
drift” and increases bone mass and strength more effectively than aerobic exercise. It 
should be remembered that the subjects were young growing rats and therefore likely 
more adaptable than mature animals, a theme to be returned to later (section: 
1.3.4.7: Effect of age and gender on the response of bone to loading). Although 
somewhat chronologically removed from the Notomi et al., (2000) study, Renno et 
al., (2007) also investigated progressively incremented jump training (vertical jump 
with added weight) in rats (40 Wistar adult females). They sought to test jump 
training’s ability to maintain bone in the face of osteopenia induced by ovariectomy. 
The jumping protocol was somewhat similar to that used by Notomi et al., (2000) but 
electrical stimulation was not employed, rather, the animals had to jump from the 
floor of a water-filled cylinder in order to breath. Presumably, the presiding animal 
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ethics committee was satisfied with the fact that the animals were accustomed to the 
protocol prior to the commencement of the experiment. Compared with control 
groups, the program, consisting of four sets of 10 jumps every 48 hours for eight 
weeks, produced significantly greater tibial mineral (ash weight) and strength (three-
point bending) as well as significant increases in muscle mass for the soleus 
(jumping) and tibialis anterior (landing) muscles. An interesting consideration in this 
study, not discussed by the authors, was the dampening of landing effects produced 
by the water. This can be expected to largely confine the major strain components of 
the jump to the muscular contractions of take-off and therefore may provide 
information about the separate effects of muscle contraction and landing impact on 
the affected bones. In another prospective study carried out since Layne and Nelson 
(1999) reviewed the area (cited above), Kerr and co-workers (2001) assigned 126 
postmenopausal women by block randomisation to either strength, fitness or control 
groups for a two-year program. The strength and fitness groups completed three 
one-hour sessions per week of supervised training featuring the same nine strength 
exercises. These targeted the same sites to be scanned by DXA on a 6-monthly 
basis (wrist curl, biceps curl, triceps pushdown and latissimus pull down for the upper 
extremity; hip flexion and extension and calf raise for the lower extremity). The 
strength group used progressively incremented loads over the duration of the study 
while the fitness group used “minimal” loads and no increments, they did however 
perform added light stationary cycling to their regimen. To remove the potential 
confounding effect of calcium intake, all subjects received supplements. Average 
compliance for strength, fitness and control groups was 74, 77 and 83% respectively 
though the compliance for the last six months of the study was lower (61 and 67%) 
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for the strength and fitness groups respectively. Changes in BMD were reported as 
percent changes per year and were significantly higher at the intertrochanteric region 
and total hip (1.1 and 0.9% respectively) for the strength group though negative at 
lumbar spine, total body and radius. Perusal of the table of results showed that 
changes in bone mass at all sites in the other two groups were negative. Clearly, the 
changes were small and may reflect an age-effect on bone adaptation to exercise 
especially in the face of oestrogen deficit (no subjects were using HRT) which 
obviously was not seen in the 1997 study by Kohrt et al., (cited above). Perhaps the 
differences reflect different training demands in the two studies. Notwithstanding, the 
results of Kerr’s team (2001), support the concept that perhaps exercises for the 
skeleton are preservative rather than restorative for women in this age group. 
Schroeder et al., (2004) also investigated the influence of short-term progressive 
resistance training on musculoskeletal adaptation, this time in 37 young women (24.3 
years of age) assigned to either one of two exercise groups or to control. The unique 
factor here was the use of eccentric exercise alone (high or low intensity) as the 
intervention. The 16-week training regimen consisted of two sessions per week, six 
exercises, three sets of six repetitions at either 125% of concentric one repetition 
maximum (1RM) representing a high intensity eccentric group, or three sets of 10 
repetitions at 75% (low intensity eccentric group). Exercises were directed at both the 
upper and lower limbs and utilized free weights (lifted by instructors and lowered by 
the subjects). The authors found no changes in BMD/BMC (by DXA of total body, 
lumbar spine or proximal femur), despite substantial improvements in strength as 
determined by percentage and absolute gains in concentrically measured strength 
(20 to 40%). Markers of bone metabolism (urinary cross links, serum osteocalcin) 
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recorded at baseline and then every four weeks, changed over the course of the 
study in a group-dependent fashion. Cross links (resorption) showed no significant 
changes at any time point for the low intensity training regime but decreased in the 
high intensity group from baseline and from week four to week 16. Osteocalcin 
decreased significantly during the first eight weeks in the low intensity group before 
reversing this trend over the last eight weeks. A similar pattern characterized the high 
intensity group but the magnitudes of the changes were significantly larger (initial 
decrease and final increase). The findings suggested that this type of training 
affected bone metabolism (alterations to markers) but the time course was 
insufficient for any physical changes to the skeleton to become apparent by DXA. 
However, the authors previously reported a 3.9% increase in mid femur BMD after 18 
weeks of machine-delivered eccentric exercise in a similar cohort (Hawkins et al., 
1999). There were some additional interesting changes reported: lean mass 
increased significantly in both groups (no intergroup difference) while fat mass 
actually also increased significantly in the high intensity group. The fact that both high 
and low intensity eccentric training generated similar strength gains (with the 
exception of one exercise) is intriguing and requires explanation. In a more recent 
work by Miller et al., (2007), both the concentric and eccentric phases of isokinetic 
exercise were evaluated for any site-specific effect on the ulnae of 54 young 
eumenorrheic women (mean age 20 years). The women underwent either concentric 
or eccentric strength training (isokinetic dynamometer) at 600 sec-1 three days per 
week for 20 weeks. A mechanical response tissue analyser (MRTA) was used to 
approximate ulnar maximal bending stiffness (EI) non-invasively (low frequency 
vibration effects induced in the bone) before and after training, in concert with DXA 
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measurement of BMD/BMC of the ulna. Both programs produced significant 
increases in isokinetic strength: concentric training increased concentric strength 
17% but had no impact on eccentric strength while eccentric training increased both, 
concentric by 16% and eccentric by 32%. In addition, a large cross training effect 
was seen in the untrained limb. Ulnar EI increased 25% with concentric training and 
32% with the eccentric mode (not significantly different). The BMD/BMC results 
appeared less dramatic with the entire cohort gaining 2.7 and 2.3% respectively from 
baseline but only concentric training produced significant increases when changes in 
the untrained arm were controlled for. The small changes in BMD/BMC despite large 
improvements in bending stiffness are probably indicative of the inability of DXA to 
provide geometric information particularly with regard to possible changes in 
moments of inertia with changes in cortical bone distribution. In the same year, 
members of the same group (Nickols-Richardson et al., 2007) published further 
information from what appears to have been the same study. Therein, it was 
revealed that the women (see above) were stratified by bone density variables at 
baseline before entry into the eccentric or concentric training groups and that training 
for both upper and lower limbs was carried out. The additional pertinent findings 
reported this time were small significant increases in total body BMD (0.4% 
concentric; 0.6% eccentric), total proximal femur BMD (0.52% concentric, 1.1% 
eccentric). Distal tibial BMD increased by 0.9% in the untrained limb of the concentric 
group alone while the eccentric group had a significant loss (-2.5%) in the trained 
lower limb. Both of these findings seem counterintuitive and neither was addressed. 
An interesting feature of eccentric-based studies in general is the fact that the results 
may allow some “separation” of the eccentric and impact components of 
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jumping/landing exercise studies. In the latter, it is difficult to determine what 
proportion of any changes that result may be attributable to the impact of landing 
itself or to the eccentric contractions that brake them. We see from the works cited 
above, that intensive eccentric work produces bone gains to varying degrees and, 
since it is likely that eccentric loading in most impact exercises is less than 
encountered in maximum eccentric training programs, the differences in bone gains 
may be due mainly to the forces of the impacts themselves. It is acknowledged that 
this is speculative and would require specific research comparing the degree of 
muscle activation (perhaps by electromyography) in both forms of exercise at the 
same time as measuring any bone gains, as well as matching the velocities of the 
eccentric contractions in each form. In relation to this speculation, the work of 
Rantalainen and colleagues (2007) appears relevant. In a small sample of young 
normal men and women (N=20 of each, mean age 24 years), they used regression 
analysis to investigate the determinants of a number of bone mass and geometric 
features. To this end they used pQCT at two tibial sites to obtain volumetric bone 
density, cortical maximal moment of inertia and total cross-sectional area of bone, 
measures that were subsequently used to derive estimations of bone strength. 
Neuromuscular performance indicators were: maximal vertical ground reaction force 
(GRF) derived from bilateral jumping with the knees, hips and ankles maintained in 
extension on landing (as far as possible); maximum isometric and eccentric (200/sec) 
plantar flexion torque; maximum plantar flexor muscle volume (approximated from 
ultrasonography and limb length measures); specific tension (maximum 
torque/muscle volume); degree of voluntary muscle activation (twitch interpolation 
technique). They found significant positive correlations between GRF, maximum 
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eccentric torque and plantar flexor volume in the total group with distal tibial bone 
strength (R2=0.34 to 0.37, p<0.05) and with midshaft tibial moment of inertia (R2=0.50 
to 0.59, p<0.05). In men alone, the same neuromuscular variables correlated with 
distal tibia and tibial midshaft indices of bone strength (R2=0.20 to 0.45, p<0.05), 
while in women, they only correlated with tibial midshaft bone strength (R2=0.21-0.35, 
p<0.05). Forced entry linear regression with the neuro-muscular variables as the 
predictors (height and weight excluded) indicated that: muscle volume explained 
35.7% and 56.8% of the variance for distal tibial bone compressive strength and 
middle tibial shaft moment of inertia respectively, with specific tension adding 7.1% to 
the prediction of middle tibial moment of inertia. In general, the authors concluded 
that the midshaft owes its structure more to the muscle mass acting upon it (for 
locomotion), while the ends provide shock absorption for the adjacent joints. Hence, 
perhaps impact-exercise and “strength training” target different parts of the same 
bone. 
Another unique form of exercise that could be considered strength-based, is rock 
climbing. Kemmler et al., (2006) hypothesized that the low BMI associated with this 
sport might have detrimental effects on bone. On the contrary, their 20 young 
competitive climbers had greater bone mass in all subregions (by DXA total body 
scan) than controls (N=11) except for the lower extremity and skull. However, QCT of 
the lumbar spine and femoral neck revealed significantly greater cortical and 
trabecular bone mass at the former and total cortical BMD at the latter in favour of 
the climbers. The authors concluded that this form of exercise generated positive 
effects at all loaded sites without what they called a “steal” effect from unloaded sites. 
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The small number of controls weakens these conclusions as does the cross sectional 
design. Though a small animal-based study, work by Mori and co-workers (2003) 
may add some support for the concept that climbing per se is positive for the 
skeleton. They used 65 mice (eight weeks of age) to investigate the effects of 
climbing exercise (two and four weeks duration) on various bone properties as well 
as marrow osteoclast and osteoblast cell activity. The mice had to climb along steel 
mesh a vertical distance of some 100 cm in order to drink. At the conclusion of the 
short training period, compared with controls, the climbers had greater periosteal 
bone formation, cross sectional area, and moment of inertia in the femur with no 
changes on the endosteal surface. Indices of bone formation also increased in the 
tibiae of climbers while there were transient decreases and increases in osteoclastic 
and osteoblastic marrow cells respectively. Again, significant responses to short term 
training like this are probably due at least in part to the developmental stage of the 
mice. Using a more conventional training approach, Mullins and Sinning (2005), 
studied the effects of protein supplementation and strength training (8 and 12 weeks, 
3 days/week, 3 sets, 6-10 repetitions, 75-80% 1RM, 13 exercises) on indices of bone 
formation (serum bone-specific alkaline phosphatase, BAP and osteocalcin) and 
turnover (urinary cross links) in 24 untrained eumenorrheic women. The subjects 
were randomly assigned to one of two strength training groups, one receiving protein 
supplement and the other a placebo. The effectiveness of the program was attested 
to by large increases in both upper and lower body strength (ranges 26 to 143% and 
25 to 83% respectively) for both groups as well as significant decreases in fat and 
increases in fat-free mass (determined anthropometrically) -6.5 and -7.3%; 2.7% and 
3.9% respectively for placebo and protein supplemented groups. In contrast to the 
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findings of Schroeder et al., (2004) cited above, serum BAP (bone specific alkaline 
phosphate – formation marker) was significantly reduced at the end of the study in 
both groups and urinary cross links were higher at both 8 and 12 weeks, perhaps 
reflecting the effects of an extra four weeks of training (and more time for adaptation) 
in the earlier study. 
It should be remembered that age and gender are important considerations in the 
assessment of the bone and strength response to strength training. In this regard, a 
recent meta-analysis of 14 random controlled trials of high resistance training studies 
in postmenopausal women found a consistent positive response at the lumbar spine 
but a heterogeneous one for the femoral neck. However, the authors also concluded 
that the “methodological quality” of the studies was low with a reporting bias towards 
positive outcomes (Martyn-St James and Carroll, 2006). A reduced ability to respond 
to physical exercise is a logical expectation with increased age and therefore lack of 
response or small changes are probably to be expected, particularly when poor 
compliance, lack of oestrogen and/or low calcium intakes are factored into the 
equation. In this vein von Stengel et al., (2007) carried out an arduous study involving 
53 postmenopausal women engaged in thrice-weekly training (two supervised, one 
home-based). One session was devoted to weight lifting (machine-based), another to 
“gymnastics” and the third to a 20-minute home session. The women were allocated 
to either strength training or “power” training groups performing identically 
incremented programs with the exception that in one-a-week weight-lifting sessions, 
the power trainers performed the concentric phase of each exercise “as fast as 
possible” followed by a four-second eccentric phase. Members of the strength 
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training group on the other hand, lifted and lowered weights in four seconds for each 
phase. The weight lifting program ran in 12-week blocks of high-intensity (70-92.5% 
1RM) interspersed with 4-5 weeks of reduced intensity work (50% 1RM). Bone 
mineral density at lumbar spine, proximal femur and forearm were measured by DXA 
(pre and post) revealing no loss of bone area, nor mass at lumbar spine in the power 
trainers compared with significant reductions in both for the strength training group. 
At the hip (three sites) a similar pattern emerged with only the strength trainers 
suffering significant reductions in bone mass though there were no intergroup 
differences (p>0.05). No changes were noted in the forearm over the experimental 
period. These results appear to support the notion that strength training either 
preserves bone mass or reduces the rate of its loss rather than increasing bone in 
postmenopausal women, since bone was still lost in the conventional strength trained 
group despite a long-term well attended (compliance was over two sessions per 
week for both groups) rigorous program of exercise. This more recent study echoes 
some earlier findings for weight training in premenopausal women: no change in 
lumbar or calcaneal BMD in 68 premenopausal women after a 12-month trial 
(Gleeson et al., 1990) and a decrease in spinal bone mass after nine months of 
strength training (Rockwell et al., 1990) though admittedly the latter was a very small 
scale study (N=10 exercisers with seven controls). 
1.3.4.4 Effects of detraining 
It is well known that gains in strength and muscle mass are lost relatively rapidly in 
the face of immobilization or reduced training (Mujika and Padilla, 2001) hence it is 
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important to ask whether gains in bone mass (which are related to muscle mass and 
strength) suffer the same fate and over what time-course? The following section 
addresses this question briefly for the purposes of completeness. The general 
approach of much of this work centres on comparisons of retired athletes and 
controls and is typified by the work of Etherington and collaborators (1996) who 
compared 83 retired elite female athletes and 585 age-matched controls (age range 
40 to 65 years). Athletes (middle and long distance runners and tennis players) had 
advantages of 8.7% and 12.1% at lumbar spine and femoral neck respectively. The 
contention that these results confirm a retained advantage obviously suffers from an 
inability to control for natural selection. Some of the problems associated with the 
cross-sectional approach used by Etherington et al., (1996) were addressed by 
Nordstrom et al., (2005) who combined a five year follow-up of 97 male athletes (ice-
hockey and soccer, mean age 21 years) approximately 60% of whom had retired (at 
follow-up), with a retrospective evaluation of 400 older athletes and 800 controls 
(mean age 71 years). In the smaller cohort of younger athletes, higher BMD (DXA) at 
total body, spine, femoral neck and arms was found at baseline and benefits over 
controls were retained at total body, femoral neck and arms five years later. A 
comparison of athletes still active at follow-up showed that retirees lost more bone 
over the five-year period with significantly lower BMD found in the femoral neck. For 
the larger, older group, the “pooled” fragility fractures were fewer in athletes (2% 
versus 4%) though the distal radius was the only single site to reach significance. 
Valdimarsson et al., (2005) also found evidence of increased loss of bone in former 
female athletes using an eight year follow-up design of 48 young soccer players 
(18.2 years of age at baseline), 18 former players (43.2 years at baseline, retired for 
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over 9 years) and 64 age and sex-matched controls (DXA). At baseline, the retired 
players had higher BMD in the leg than controls while active players had higher BMD 
of femoral neck versus controls. Paradoxically, the players who had been in 
retirement at baseline lost BMD at the trochanter during the follow-up whereas 
controls actually gained BMD at this site. In addition, those players who retired during 
the eight years after baseline measures lost BMD at the femoral neck compared with 
a gain for the controls at this site. The authors concluded that intense exercise after 
puberty favours bone accrual but that even short-term suspension of activity 
produces greater losses of bone than occurs in normally active groups. Importantly, 
despite the greater losses of bone in retired players, BMD was still higher or no 
different than controls suggesting that the degree of difference in favour of the 
athletes was reduced rather than erased and that they had “more to lose” and that 
greater activity would be needed to retain the magnitude of the original advantage. 
Male ice hockey players were the subject of another follow-up investigation of bone 
loss following cessation of participation by Gustavsson et al., (2003). Sixty-five 
adolescent players (16.7 years of age) and 30 controls were examined at baseline 
(by DXA at total body, femoral neck and spine) and again after 30 and 70 months (47 
players, 29 controls). At initial measurement, in contrast to the previously cited 
studies, and expectations, no differences were found between the groups for BMD at 
any site despite the considerably greater physical activity of the young athletes. After 
20 months, BMD of the femoral neck and total body increased significantly more in 
the hockey players. Between the 30 and 70 month measurements, 21 players retired 
and were found to have lost significantly more volumetric BMD (vBMD) at the femoral 
neck than both active players and controls. Only the active players showed a bone 
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gain (total body p<0.001), and were the only subjects not to have a significant loss at 
the femoral neck. In this study, changes in training hours were significantly correlated 
with changes in vBMD at most sites (r =0.41 to 0.46). The relatively rapid loss of 
bone in the retired athletes echoes the previous report (Gustavsson et al., 2003) 
including the apparent vulnerability of the femoral neck. The lack of differences 
between controls and players at the outset despite participation over several years 
and seven more hours of activity per week is hard to explain; perhaps ice hockey 
does not deliver the impact or muscle stimulation thought to characterize 
“osteogenic” sports. In this vein, the long-term effects of a higher impact activity, were 
evaluated by Pollock and colleagues (2006) who studied a small sample of former 
collegiate gymnasts (N=18, 36 years of age) and age-matched controls (N=13) at two 
time points, baseline when gymnasts had been retired for about 15 years and then 
nine years later. Gymnasts had significantly higher BMD at all sites at baseline and 
also after nine years (total body, lumbar spine, proximal femur, leg, and arm). There 
was some evidence of the faster loss of bone in retired athletes cited previously, with 
gymnasts suffering a significantly greater percentage loss in leg aBMD. Interestingly, 
though not significant, negative changes in bone density were reported in five of the 
six sites in gymnasts compared with two in the controls. The small number of 
participants obviously reduces the strength of any conclusions drawn. A much   
larger study of retired gymnasts by Uusi-Rasi and co-workers (2006) redresses this 
concern to some extent. In this study, the subjects were actually postmenopausal 
(117 gymnasts, 116 controls, 62 years of age) and 97% were followed-up six years 
after initial testing. Both groups entered menopause at the same age (49.3 years). 
Activity and calcium intake were captured by questionnaire and seven-day diary 
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respectively and bone variables by DXA (BMC) with the addition of a hip structure 
analysis which allowed determination of bone cross-sectional area (cortex), outer 
diameter, section modulus (Z) and buckling ratio (BR). Other measures included 
maximal isometric strength of “leg” extensors, grip strength, dynamic leg-extensor 
power (counter movement jump on force plate), dynamic balance/agility (figure-eight 
running test), postural balance (one-legged stance with eyes open), cardio-
respiratory fitness (estimated maximum oxygen uptake; timed two km walk) and 
“functional ability” (maximum dynamic muscle force via sit-to-stand and step-on a 
stair tests). In general the results revealed declines of the same magnitude in both 
groups in functional performance and bone mass measures. For example both 
groups had reductions in vertical jumping height of about 10% and femoral neck and 
trochanteric BMC dropped by 3.4% and 3.7% in gymnasts and by 3.8% and 2.0% in 
controls respectively. However, the gymnasts retained the advantages that they had 
held over the controls at initial testing which were evident in nearly all of the 
measurements. It is important to register the difference between these gymnasts and 
others that have been studied: the current gymnasts were all still active – the 
activities described as light to moderate in intensity emphasizing “springy gait and 
body flexibility” with some aerobic and strength components but devoid of high-
impact. This is “Traditional Finnish recreational gymnastics” as opposed to Olympic-
style competitive gymnastics. Hence it is difficult to ascribe even a slowing of bone 
decline to the regimen followed. It would seem instead that recreational gymnastics 
participation led to a greater peak bone mass which was then lost with the same 
rapidity as a sedentary life-style would produce despite continued activity. It is also 
impossible to rule out natural selection as the cause of the initial advantages, in fact 
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linear regression revealed that antiresorptive medication use was the best predictor 
of bone mass with calcium intake also contributing. 
Welch and Rosen (2005) chose 139 female Masters’ track and field athletes (mean 
age 57.3 years) to explore the effects of current and past physical activity on bone 
mass and thereby infer whether exercise maintains bone mass and if so, how this 
might vary in the pre versus postmenopausal years. They approached this task by 
combining surveys of historical activity with ultrasonic measurement of calcaneal 
stiffness (SI) and subdividing subjects according to menstrual status and years since 
menopause. As a whole, the athletes had SI’s equivalent to 20-year-old women 
which were maintained until the age of 70. Stiffness was correlated with both the 
earliest age at which they had first participated in activities engendering moderate to 
high strain rates (particularly the years between 11 to 14 and 15 to 19) and current 
participation in the latter. In both pre and postmenopausal athletes, participation in 
events of 800 meters or more were positively related to SI with race-walkers (low 
impact) having the lowest values. Interestingly, neither current nor past calcium 
intake was related to SI. Though natural selection could not be controlled for, the 
results suggest that both pre and postmenopausal women can retain bone through 
continued participation in running style events. Some similar conclusions were drawn 
after a 20-year follow-up in a younger group of 36 women who had had BMD 
measurements at age 16 years (DXA of total body) by a Swedish group led by 
Barnekow-Bergkvist et al., (2006). Their analyses showed that membership in a 
sporting club in adolescence was associated with positive BMD advantages of 
between five and 17% (largest at the trochanter and lumbar spine) at all sites other 
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than the arms compared with non-participants at baseline, differences that persisted 
in those women who had continued their activity throughout the 20 years (1.7 
sessions per week involving combinations of jogging, fitness/aerobics, ball sports, 
downhill skiing) of follow-up. Hence, early and continued activity in what would 
appear to be moderate impact exercises was related to promotion and maintenance 
of BMD into adulthood. 
A connection between exercise in youth and “bone health” in later life was also 
explored by Warden et al., (2007) but this time in a rat model. At five-weeks of age, 
28 rats were acclimatized to axial loading of the left ulna (machine-delivered) 
producing 3,500 μstrain to the ulna midshaft. Exercise bouts of 360 repetitions per 
day were provided three days per week over seven weeks. Bone in trained and 
untrained forearms was assessed by DXA and pQCT at baseline, immediately post-
exercise, and at six-week intervals up to 92-weeks of “detraining”. After sacrifice, 10 
animals were used for mechanical testing of the exercised and non-exercised ulnae. 
Exercise produced substantial changes in the loaded bones, most marked in terms of 
shape and therefore bone distribution (25.4% increase in minimum second     
moment of inertia), a feature that persisted after two years though changes in 
absolute mineral did not. Mechanical tests showed greater absolute ultimate force   
(+ 23.7% in axial compression) but also lower post yield displacement, indicating 
greater strength and brittleness respectively. Though it is difficult to make any direct 
comparisons with human studies, these findings support the notion that exercise 
during growth may have positive skeletal benefits in later life. The findings discussed 
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in the preceding section will be extended by reference to additional studies under 
various heading which follow. 
1.3.4.5 Unilateral Loading 
One model that overcomes the “natural selection” problem as well as controlling for 
many other confounding factors (diet, age, performance level, hormonal status etc.) 
is the unilateral racket sport approach. However, this form of exercise might best be 
considered as a “hybrid”, loading the bones of the arm through a combination of 
impact (ball strike) and muscle contraction. Studies comparing the “playing arms” of 
both female and male squash and tennis players strongly indicate that loading 
(muscle and impact) produces positive adaptations in the exercised limb including 
greater cortical thickness, bending stiffness and strength and that the effect is 
greatest in those commencing competition before menarche (Bass et al., 2002; 
Kontulainen et al., 2002). This approach appears to have commenced with Jones et 
al., (1977) who were among the first to demonstrate the discrepancy in bone mass in 
the dominant versus “non-playing” humeri of 84 active professional tennis players. 
They used anteroposterior and lateral roentgenograms to record 34.9% and 28.4% 
differences in cortical thickness in their male and female players respectively. These 
findings were repeated in a much smaller sample (N=7 players and controls) by 
Dalén and co-workers (1985) using spectrophotometry and computed tomography 
(CT) to reveal that the increased humeral size was due to an increased outer 
diameter of the shaft. These early works were replicated and extended in an 
extensive series of studies by a Finnish group led by Kannus and Haapasalo 
commencing in the 90’s, summaries of which form the bulk of this section. 
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Kannus et al., (1994) found dramatic differences between the playing and non-
playing arms (DXA) in 20 young male “top-level” Finnish tennis players (mean 25 
years of age) with the side-side differences greatest in the humerus (BMD, BMC for 
shaft, 25.4% and 28.7%, proximal humerus 14.4% and 20.5% respectively) and least 
in the ulna (BMD, BMC, for shaft 3.1%, 7.5%, distal ulna, 6.3% and 7.8% 
respectively). For the 20 sex, age and weight-matched controls, the side-side 
differences averaged only 3%. The fact that BMC was always greatest, led to the 
conclusion that increases in bone size were an important adaptation, a contention 
more adequately addressed by later studies using the more sensitive pQCT 
technology. Step-wise linear regression indicated that number of training sessions 
per week was the only variable to correlate with bone mineral variables (r =0.46 to 
0.627, 0.05<p<0.01). Given the relationships reported by others for lean mass and 
bone mass (Chapter 4), it is interesting that there were no significant relationships 
detected between measures of strength reflective of lean mass (elbow 
flexion/extension, grip strength) and bone mass despite significant side-side 
differences. The same group in the same year reported a similar study of Finnish 
national level female squash players (N=19, mean age 25.4 years) with similar 
results (Haapasalo et al., 1996). The proximal humeral side-side differences were 
15.6% and 17.8% (BMD and BMC respectively) and least in the ulnar shaft (5.6%, 
7.3%) in the players, both sites significantly different from their 19 controls whose 
dominant to non-dominant side differences ranged between 1.6% and 4.1%. In this 
case, playing history (number of years) and elbow flexion strength correlated 
positively with humeral bone mass (r =0.63 to 0.69), while the age at which training 
commenced correlated negatively with the same variables (r =-0.48 to -0.58). In this 
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way, the side-side difference averaged 22% for those commencing before or during 
menarche and only 9% for those starting a year or more after menarche. The latter 
finding has been repeated in later studies and is one of the pieces of evidence 
arguing for the growing years as the most opportune time to affect positive 
adaptations in bone through exercise. 
Geometric features were added to the next investigation from the same group 
(Haapasalo et al., 1996). In addition to BMD and BMC, they extracted bone length, 
site-specific widths, cortical thickness, cross-sectional moments of inertia and 
sectional modulus from DXA scans of 67 tennis players (17 men, mean age 25 
years; 30 women, 19.3 years; 20 “older” women, 43 years) and 57 sedentary controls 
(16 men, 25 years; 25 women, 21 years; 16 “older” women, 39 years). Younger 
players of both sexes had commenced playing in childhood (men, aged 10 years; 
women 9 years) while the older women had not commenced play until 29 years of 
age. The dominant side differences in humeral length were significant in the young 
players (both sexes), young female controls and older female players (0.2% to 1.4%) 
but with no differences between players or controls. Significant side-side differences 
in humeral width appeared in all groups except male controls and were larger than 
controls at the proximal humeri of the young male tennis players and for the distal 
humeri of the young female players (2.5% and 1.8% more respectively). Consistent 
with their previous findings, BMC and BMD were greater in the dominant arms of 
players and controls but players’ differences (total group) were significantly larger at 
all sites with differences of about 18% for BMC and 17% for BMD and similar 
differences for BMAD (about 15% except for older players). The added variables, 
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cortical wall thickness, cross-sectional moment of inertia and section modulus 
mimicked the BMC and BMD findings with player dominant side-side differences 
exceeding controls by about 40%, 19% and 19% respectively. In addition, the side-
side differences were considerably larger in the younger players than in their older 
counterparts. The results appear to strengthen the contention that an early start in 
bone loading activities is conducive to attaining peak bone mechanical properties 
since the dominant side-side differences in the older players were much “closer” to 
those of controls suggesting a reduced responsiveness to mechanical stimuli with 
age. A publication by the same group appearing one year before the latter work 
(Kannus et al., 1995) used a similar approach with the addition of female squash 
players to female tennis players (105 players and 50 controls, mean age of players 
27.7 years). This time the players were divided into six groups dependent upon the 
starting age of participation relative to menarche (i.e. age at which they started to 
train regularly at least twice per week): more than 5 years before, 3-5 years before,  
1-5 years after, 6-15 years after and more than 15 years after. Bone mineral 
measurements (BMD and BMC) were made at the upper humerus, humeral shaft, 
radial shaft and distal radius by DXA and maximal isometric elbow flexion and 
extension strength along with grip strength measured with appropriate devices. 
Suffice it to say that the side-side differences were in the same direction and of 
similar magnitude to those reported in the work cited above with a striking diminution 
of the differences versus controls with increasing “distance” from menarche for 
commencement. The side-side difference was two to four times higher in groups 
starting participation before or during menarche than those starting more than 15 
years after. Similar work from the same group using 91 seven to 17 year old tennis 
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players, (58 controls) allowed them to approximate when dominant side-side 
differences first appeared and thereby infer the developmental stage at which the 
loaded sites were most responsive to loading. This was determined to be during the 
adolescent growth spurt at Tanner stage III (Haapasalo et al., 1998). 
Calbet et al., (1998) moved away from the interactions between maturation, bone 
mass and exercise by focusing on a small number of male professional tennis 
players (N=9, 26 years) and compared BMD, BMC, lean and fat mass (DXA), and 
maximum isometric knee extension strength against 17 nonactive controls. Their 
results were as might be expected from the foregoing studies, an approximate 18% 
greater BMC in the playing arm compared with no difference in controls, but also 
10% to 15% advantages in adjusted (body mass and height) BMD of the lumbar 
spine, femoral neck, Wards , greater trochanter and intertrochanteric regions. In 
addition, Wards BMD correlated significantly with maximum isometric knee extension 
strength as well as with height (r =0.77, p<0.05 for both). The Finnish group 
contributed a prospective four year follow-up study in 1999 (Kontulainen et al., 1999) 
which allowed an estimation of the retention of skeletal gains made during 
participation. A small number (N=13) of former nationally ranked tennis players who 
had first been assessed for side-side differences four years previously (aged 26 
years) were re-examined after a mean retirement period of 2.3 years though they still 
trained about half as frequently as they had done during their competitive days. The 
results revealed that not much had changed despite reduced training with dominant 
arm differences nearly identical to initial measures. Thirteen controls had the usual 
small (<5%) differences. The obvious conclusion was that early gains were retained; 
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however, such results might imply a threshold for training effects which was reached 
by the continuation of training. The group (Haapasalo et al., 2000) added pQCT 
measurements to their armorarium in a small-scale study of 12 male former national-
level players and 12 controls (mean age 30 years). This technique revealed the 
expected large side-side differences (versus controls) but also allowed them to 
conclude that the differences in the playing arm were due to increased bone size, i.e. 
more mineral rather than to differences in volumetric bone density. The arrangement 
of the extra mineral (e.g. increased cortical thickness, increased total cortical area) 
would then lead to greater mechanical competence (moments of inertia, bone 
strength indices). Further work by these investigators was reported in 2002 and 2003 
involving a cross-sectional study of 64 female tennis and squash players (27 age, 
height and weight-matched controls) extending their work on the age-dependency of 
bone adaptation to loading (Kontulainen et al., 2002; Kontulainen et al., 2003). As in 
their previous work (already cited), players were divided into groups according to age 
of commencement relative to menarche and the side-side upper limb differences 
assessed. “Young starters” had significantly larger differences than controls and “late 
starters” and pQCT revealed greater mechanical competence of the loaded humeri in 
the young starters compared with both controls and older starters as evidenced by 
greater BMC, cortical area, total cross-sectional area, cortical wall thickness, BSIt 
(torsional bone strength index, ranges 8% to 22% versus controls and 8% to 14% 
versus old starters). For the radius the differences were fewer and less dramatic. 
Cortical enlargement by periosteal apposition seemed to be the major adaptation of 
the humerus to loading. More information on the interaction between developmental 
stage and exercise as well as the site-specificity of any effects was furnished by Bass 
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and colleagues (2002) who used a combination of DXA and magnetic resonance 
imaging (MRI) to examine the side-side differences in bone mass and geometry of 
the humeri of 47 young competitive female tennis players aged between eight and 17 
years who had competed for a minimum of two years with “current” participation of at 
least three hours per week. The study provided a prospective feature with follow-up 
of 1.1 years in 37 subjects. At the end of the study, six subjects remained 
prepubertal, six became peripubertal and 16 remained postpubertal (as determined 
by self-reported Tanner breast stage). At baseline, estimated maturity status, allowed 
the researchers to attribute a 14% increase in cortical area at the mid and distal 
humerus to growth alone in the transition from prepuberty to puberty (using the non-
playing arm) that was due to periosteal expansion. Cortical area of mid and distal 
humerus was about 20% greater in the pubertal players compared with those in the 
peripubertal stage, differences produced by periosteal expansion at the former site 
and by a combination of periosteal expansion and medullary contraction at the latter. 
Comparisons between the playing and non-playing arms revealed the loading effect 
which resulted in 11 to 14% differences in BMC and resistance to torsion (calculated 
from the MRI and BMC data) in the prepubertal players, differences that remained 
unchanged in the peri and postpubertal players. The increased BMC in the playing 
arms had a different genesis in the groups, with prepubertal players owing theirs to a 
seven to 11% greater cortical area dominated by periosteal expansion at the 
midshaft and totally due to this factor distally. In the peri and postpubertal years 
loading was shown to result in medullary contraction at both sites without increasing 
the side-side differences in cortical area. After 12-months, similar findings were made 
but cortical area in the loaded arms of the postpubertal players increased 4% more at 
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the distal site than in the non-playing side, apparently due equally to periosteal 
expansion and contraction of medullary area. The authors emphasized the changing 
responses to load during development with periosteal expansion the main “player” in 
a site-specific manner during the prepubertal period leading to greater bone size and 
resistance to bending. Beyond this age, endocortical modeling produced an increase 
in size but without any increased mechanical benefit. In a study at the other end of 
the tennis spectrum age-wise, Nara-Ashizawa et al., (2002) provided evidence of an 
apparently negative effect of loading. They used pQCT to examine the side-side 
differences in the radii of 92 “older” female recreational tennis players (age range 38 
to 53 years) the majority of whom had commenced playing in their 30’s. The rather 
surprising findings were significantly reduced bone mass and derived strength factors 
in the racket-side mid radial site (endocortical and periosteal areas, BMC, moment of 
inertia, section modulus and strength strain index). However, the negative findings 
were not consistent through the entire bone, on the contrary, at the distal radial site 
(where trabecular bone is approximately 70%), periosteal area was significantly 
smaller on the racket side but BMD (whole bone) and trabecular BMD were 
significantly greater.-Bearing in mind that the subjects were recreational and not elite 
players, the magnitude and total exposure to loading would be substantially less than 
that experienced by the subjects of the previous studies and perhaps below the 
threshold for a positive response (increased bone or reduced loss) though a negative 
response is hard to explain. The authors suggested that “unilateral use of the arm 
after the third decade of life suppresses age-related changes in bone geometry” as 
well as perhaps stimulating a redistribution of bone from the radial shaft to the distal 
end. 
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In one of a small number of studies examining both lower limbs in athletes and 
controls, Sone et al., (2006) found the expected advantage of athletes (N=37; 
basketball, volleyball, soccer, baseball, rugby, tennis) for most pQCT measures of 
the tibiae compared with controls but this time in the athletes, the non-dominant tibia 
exceeded the dominant tibia in cortical BMD, cortical width and moment of inertia. 
However, similar findings were made for the controls. The latter would appear to 
compromise the suggestion that modeling rate (and therefore cortical BMD in the 
dominant limb) is reduced compared with the other side due to differential loading of 
the two limbs with the non-dominant limb providing body support while the dominant 
limb performs mobility or manipulative activities. The variety and small numbers of 
representatives in each of the sports is also a potential confounder. Ducher et al., 
(2004) return us to the unilateral theme with a study of the forearm in tennis players 
(N=57, 24.5 years) designed to explore the asymmetry of response in cortical and 
trabecular bone to loading through examination of three sites in the radius and ulna 
(DXA). They concluded that cortical bone responds mainly by increasing size (similar 
to previous findings cited above) but that trabecular bone increased in density. The 
latter seems a less reliable conclusion given that DXA does not provide volumetric 
density data. Ducher et al., (2005) extended their work to encompass the 
relationships between bone and muscle, again using tennis players (N=52, mean age 
24.2 years) and DXA. They reported that bone area and BMC of the forearm were 
strongly correlated with grip strength (on both sides) even after adjusting for total 
body BMC, height and forearm length and that the relationship between BMC and 
grip strength was stronger on the playing side after adjusting for lean tissue mass, 
findings they considered supported the concept that muscle pull affects bone mass. 
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They then reported on geometric changes in the distal radii of tennis players using 
DXA and MRI in a mixed gender sample of 20 tennis players (Ducher et al., 2005) 
using the same tools. This time they were able to measure volumetric BMD (vBMD) 
by dividing BMC (DXA) by total bone volume (MRI). The expected dominant side to 
non-playing side differences appeared with the added measures of muscle volume, 
BMC, total bone volume and subcortical volume all significantly greater on the 
playing side (9.7%, 13.5%, 10.3% 20.6% respectively). In addition, a small but 
significant difference in vBMD favoured the playing side (3.3%). Grip strength was 
also significantly higher as might be expected given a 9.7% difference in muscle 
volume. Again the dominant feature was increased bone size rather than density. In 
2006, Ducher and colleagues presumably following the lead of the Finnish group, 
studied young and adult male and female tennis players (N=75, mean age 11.6 year, 
22.3 years of age respectively) and 70 age-matched controls to examine the bone 
response to “impact” exercise over time. They again targeted the radius examining 
right and left asymmetries at three sites (ultradistal, one-third and mid) using DXA. 
The side-side differences (BMD and BMC) in favour of the playing arm at the 
predominately trabecular ultradistal site in children were large and of similar 
magnitude to those of the adult players (BMC 16.3%, 13.8% respectively) with no 
differences detected in controls. At the other sites, significant asymmetry in the 
players’ forearms was still obvious but much more so in the adults, (e.g.15.6% versus 
6.6% at the mid radial site) a result attributed to the longer training exposure and the 
longer period required for cortical bone to turn over. The conclusions drawn were that 
young growing long bones exposed to increased loading have the capacity to 
respond positively, (particularly towards the growing end), echoing the conclusions 
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reached by others (cited previously). Daly and co-workers (2004), also reported on 
the relationship between muscle and bone during growth in tennis players based 
upon data collected by the same group in the 2002 study reported previously (Bass 
et al., 2002). In addition to the bone parameters already described, MRI images were 
used to determine muscle area. Analysis revealed that muscle area was 6.7% 
greater in the playing arm compared with the non-playing side in the prepubertal 
players with no significant increase in the magnitude of the difference with change to 
pubertal or postpubertal status, a result similar to bone variables (6 to 13% greater in 
the playing arm prepuberty with no increase thereafter). In addition, the differences in 
muscle area were moderately positively correlated with all bone variables (r =0.34 to 
0.4, 0.05>p<0.01) with the exception of medullary area and explained a small amount 
of the variance in bone traits (11.8 to 15.9%). Neither age of starting training nor 
years of training correlated with side-side differences in bone or muscle with the 
exception of an inverse relationship between age of starting training and medullary 
area (r =-0.37, p<0.05). The conclusion to be drawn here is that though both muscle 
and bone mass increase with growth and also in response to training, a direct link 
between the pull of muscle on bone and the resulting bone properties (increased, 
size, mass, resistance to bending etc.) is not the major determinant since only 12 to 
16% of the variance in side-side differences could be attributed to changes in 
muscle. Given the often reported differences in magnitude between gains in strength 
and gains in bone in many strength training studies, this is a logical expectation. It 
seems highly likely that bone and muscle share regulation by some of the same 
genes but that bones are “over-engineered” to stand the pull of their muscles and 
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other environmental loads and require more minor structural changes to 
accommodate increases in muscle strength. 
In summary, this body of work indicates that mechanical loading, commenced during 
the growing years, can produce large site-specific increases in long bone mass 
particularly in the cortex, resulting in larger and more mechanically competent bones. 
That advantages gained early might be retained and increased is also supported by 
the findings in adult participants who continue to train and participate. The question 
of the retention of “bone benefits” after retirement from sport has been addressed by 
a number of researchers (some studies described above) and will be expanded upon 
in later sections. Considering changes in training intensity and style, it would be 
interesting to repeat the unilateral studies in young tennis players who use “double 
handed” strokes which should decrease the asymmetry observed in such studies. A 
final comment on this work seems warranted: just what are the magnitudes of the 
forces applied to the bones during tennis play? It is reasonable to assume that they 
are considerably lower than those encountered by young gymnasts who sustain high 
volumes of training which incorporate multiple landings on the hands as well as the 
feet with loads estimated at up to 3.6 times body weight (BW) for the former (Daly et 
al., 1999). It might therefore be supposed that the bone effects of impact might be 
even larger though harder to separate from the natural selection that made the 
unilateral studies so insightful. 
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1.3.4.6 Impact exercise and bone 
Exercises that feature impact loading of the skeleton are considered to stimulate 
positive adaptations as should be clear from the cross-sectional studies cited above 
under the heading “Exercise and bone mass with participation in different sports” 
wherein various attempts were made to examine sports with different loading 
characteristics and in some cases, divide them into high or low impact categories. In 
this section are reviewed studies that more specifically address this issue, first with 
reference to studies of gymnasts and finally by reference to works which have used 
specifically designed programs emphasizing this type of exercise. It should be noted 
however, that such studies are incapable of truly separating the effects of impact per 
se from the effects of muscle contraction on the bones, since muscle actions usually 
help attenuate the impacts, “stiffen” the limb (by eccentric and isometric contractions) 
and, depending upon the mode of exercise, help to generate them concentrically, 
thereby adding to the mechanical loads “seen” by the loaded bones. With this caveat 
in mind, the following section provides a review of the effects of gymnastics training 
on bone mass. 
a) Gymnastics 
As just inferred, one sport that can lay claim to the title “high-impact” is (Olympic-
style) gymnastics, which can introduce children of both genders to very strenuous 
and prolonged training which is unusual in its combination of strength, flexibility and 
high impact loading.-Bearing in mind that gymnasts were included as subjects in 
some of the mixed sport studies cited earlier, the following section provides coverage 
of studies more specifically directed at elucidating the skeletal effects of high impact 
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exercise represented by gymnastics. Many of these studies have provided insight 
into the effects of such training regimes on growth and others on the retention of 
bone gains after retirement, and these issues are therefore dealt with simultaneously. 
Daly and colleagues (1999) used video and heart rate monitoring in combination with 
forceplate measurements of 16 male pre and peri-pubertal competitive gymnasts, 
representative of three phases of a typical annual training schedule. They found that 
on average there were 102 and 202 impacts sustained by the upper and lower limbs 
respectively per session. Loads sustained by the upper limbs in landing and support 
activities ranged between 1.5 BW (pommel horse) and 3.6 BW (back handspring) 
with repetitions from 0 to 212 per session. For the lower extremities, forward 
somersault take-offs and landings generated the highest vertical ground reaction 
forces (14.6 and 14.8 BW respectively) with other landing activities generating 10 to 
11 BW with frequencies between 0 and 98 repetitions per session. Relatively high 
horizontal forces were also encountered for the lower extremities in the same 
activities ranging between 3.2 and 4.8 BW. Importantly, not only were the ground 
reaction forces high, but the times to reach peak load were brief, 24 to 70 msec. 
Similar findings have been reported by a number of other investigators (Miller and 
Nissinen, 1987; Panzer et al., 1988; Koh et al., 1992) which leads to the conclusion 
that such a regimen truly represents high impact loading and it is likely representative 
of the training undergone by both male and female competitors, given that both 
sexes were represented in these studies. The same authors (Daly et al.,1999) 
provided information on the skeletal effects of gymnastics training as well as growth 
and development using a combination of ultrasonic measurements (VOS and BUA at 
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the heel, distal radius and proximal phalanx of index finger), anthropometric 
measurements, Tanner stage (pubic hair, serum testosterone), serum markers of: 
bone formation (osteocalcin), growth factors (IGF-1) and stress (Cortisol) in an 18 
month prospective study of the same pre and peripubertal male gymnasts (18 
gymnast, and 35 controls). Ultrasonic velocity (VOS) was significantly higher at all 
sites at baseline with no differences for BUA at the heel. Gymnasts were significantly 
shorter, had smaller leg and femoral lengths, narrower pelves but broader 
“shoulders” (biacromial width) (based upon 31 gymnasts and 50 controls at baseline). 
After 18 months, as expected both groups increased their anthropometric 
dimensions, with the initial differences persisting in percentage terms, however, there 
were no differences in growth rates for any of the variables indicating no growth 
suppression. Ultrasonic differences persisted between the groups but the only 
significant change was detected in favour of the gymnasts for heel BUA. Fluctuations 
in the ratio between serum IGF-1 and cortisol (gymnasts significantly lower) at two 
time points were taken to reflect training stress and a negative energy intake/output 
balance. In total, the findings were taken to indicate that intensive impact training 
produced positive skeletal benefits without impairing growth, though ultrasonic 
techniques are not as sensitive as X-ray based measurements for detecting skeletal 
adaptations. Bass and colleagues (1998) used a mixed cross-sectional and 
prospective design to infer the acute and residual effects of gymnastics training in 45 
active prepubertal female gymnasts (training 15-36 hour/week), 35 controls, 36 
retired elite gymnasts (18-35 years of age, retired for a mean of eight years) and 15 
controls. Baseline bone measures (DXA) revealed significantly higher BMD in 
gymnasts at loaded sites expressed as Z-scores (0.7 to 1.9 higher), furthermore after 
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12 months, aBMD increased significantly more in the gymnasts at the total body, 
spine and legs (30-85%). Comparisons between retired gymnasts and controls 
revealed greater areal BMD at all sites with the exception of the head (0.5 to 1.5 SD). 
The results were taken to indicate retention of skeletal benefits over up to 20 years 
post participation and hence a possible “guard” against osteoporosis later in life. In 
addition they support the proposition that training before puberty provides a powerful 
positive stimulus for bone formation. 
In a slightly unusual approach, Wu and colleagues (1998) examined two groups of 
rhythmic gymnasts and normoactive controls (N=10) cross-sectionally. One group of 
gymnasts trained in excess of 18 hours per week (N=15; 18-21 years of age) and the 
other of similar age, trained approximately 12 hours per week (N=8). The unusual 
features of the work centred on the nature of rhythmic gymnastics which emphasizes 
one-legged take-off and single leg landings with a specific attempt to “dampen” the 
landing for aesthetic purposes. Because of this feature, the investigators compared 
the take-off and landing limbs for differences in BMD (by DXA) and also measured 
knee extensor and flexor strength as well as landing and take-off forces (forceplate). 
Therefore, though this form of gymnastics is quite different to the Olympic style, 
comparisons can be made across the disciplines, in particular, the results provide 
some insight into the differential effects of impact and muscle contraction on bone 
mass. The side-side differences in the take-off limb (Wards area, femoral neck, 
greater trochanter) were significantly greater in the most highly trained group than 
either controls or the other gymnasts (range 4.7 to 9.6%) with a similar trend in the 
latter that only reached significance at Wards area (9.3%). Side-side differences in 
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controls were small (-1.8 to 0.5%). Isokinetic strength differences were also observed 
in favour of the take-off limb at 600/sec for the higher calibre gymnasts in knee 
extension with no statistical differences in the other two groups. Reaction forces were 
greater at take-off than landing (4.3 and 3.76 BW respectively) with smaller contact 
times (204 and 325 msec respectively). It is not difficult to conclude that this style of 
gymnastics produces much lower impact forces than the Olympic style and it is 
unfortunate that the authors did not report whether there were any significant 
differences between the groups in absolute BMD at the femoral neck. However, the 
greater side-side differences are reminiscent of the results found in the playing arms 
of the tennis players reported earlier. Lehtonen-Veromaa et al., (2000) also examined 
female gymnasts using DXA but this time the gymnasts were divided into pre (N=16) 
and pubertal (N=50) groups and compared against runners (N=15 and 50 
respectively) and controls (N=14 and 46 respectively) at similar developmental 
stages. Interestingly and in contrast to Bass and colleagues (1998, cited above), 
there were no differences between the prepubertal groups at any site (femoral neck, 
lumbar spine, distal radius, distal ulna). In the pubertal athletes, gymnasts exceeded 
controls by 15.2% in BMD of the femoral neck (p<0.001) and by 16.4% and 10.8% for 
BMC of femoral neck and lumbar spine respectively though significance was not 
reported. Importantly, pubertal runners also exceeded controls for BMD at the 
femoral neck though the magnitude of the difference was only about half as great 
(8.3%). The authors concluded that high-impact weight-bearing exercise in 
peripubertal girls might be particularly effective at this site. It is important to note that 
there were no significant differences between the runners and gymnasts for any of 
the DXA measurements. Given reports cited earlier of reduced bone mass in 
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endurance runners, the current report suggests that any negative effects of running 
may not be manifest until after puberty. 
Further support for a positive osteogenic effect of gymnastics in young girls was 
provided by Jaffré et al., (2001 ) in a small cross-sectional study on bone mass (DXA 
VOS and BUA) and bone resorption in 24 elite gymnasts (11.9 years) and 21 
controls. Bone mineral density and BMAD were significantly higher at all sites except 
total body (lumbar spine, hip, and radius) as was VOS at the heel. Measures of bone 
resorption (urinary cross-links) were higher in gymnasts than controls at any 
developmental stage leading to a conclusion that higher bone mass was the result of 
greater bone turnover in gymnasts. The latter seems a little tenuous given that 
greater turnover would not be expected to lead to a net increase in bone formation. 
Snow et al., (2001) conducted a prospective study in a small sample of collegiate 
female gymnast (N=8, 18.6 years) over a 24 month period which included two 
competitive seasons (eight months) and two “off-season” periods of four months. 
They used DXA (hip, spine and whole body) to identify clear evidence of “seasonal” 
gains and losses of BMD for the two training and two non-training periods. At the 
spine the gains were 3.5 and 3.7% and the associated losses were 1.5 and 1.3% 
while the pattern for the total hip was gains of 2.3 and 1.9% followed by losses: 1.5 
and 1.2%. For the 24-months, there was an overall gain of 4.3% at the spine with no 
overall change at the hip. The results seem to indicate a site-specific difference in the 
responsiveness of the spine and hip to detraining though the small sample weakens 
any conclusions. In another small cross-sectional study of elite female gymnasts, 
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Helge and Kanstrup (2002) investigated BMD and its relationships with strength and 
sex steroids (oestrogen and progesterone) in six artistic gymnasts, five rhythmic 
gymnasts and six controls (mean ages 17.9, 18.3, 19.1 years respectively). Bone 
mineral density (DXA) was significantly greater in artistic gymnasts versus controls at 
all sites other than whole body (24 to 45% for lumbar spine, femoral trochanter and 
neck, and the distal radius) while for the rhythmic gymnasts, significant differences 
versus controls were greater at all sites except right and left distal radius (four to 
26%). In addition, artistic gymnasts, as might be expected from the latter result, had 
greater BMD than rhythmic gymnasts at both radii. Maximum isokinetic trunk flexion 
and extension and knee extension strength were strongly positively correlated with 
BMD in the gymnastics groups pooled and separately (0.7>r< 0.96) but not in 
controls. They also found good correlations between lean body mass (LBM by DXA) 
and total body BMD and lumbar spine BMD (r =0.51 and 0.54 respectively). Similarly 
sized correlations were found between training history (number of years) and total 
body, left total femoral neck, left trochanter and lumbar spine BMD in gymnasts 
(pooled data). When correlations between sex steroids and BMD were explored, 
follicular phase serum progesterone correlated with the same sites in artistic 
gymnasts (r =0.93, 0.92, 0.89 respectively) and in the combined gymnastics group 
follicular phase progesterone correlated positively at these sites   (r =0.73, 0.63, 0.75 
respectively). Though only a single positive correlation was found for oestrogen 
(luteal phase) and only in rhythmic gymnasts, it was 0.99 for lumbar spine BMD. The 
authors suggested that their results were indicative of a protective effect of exercise 
in the face of either amenorrhea or oligomenorrhea and that progesterone may exert 
a permissive role on bone formation. Bone mass was measured in yet another small 
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sample of adolescent elite female gymnasts (level 5+) but this time the 16 gymnasts 
and 16 controls (eight to 13 years at baseline) were followed over a period of three 
years during which gymnasts increased their initial BMC, BMD and bone area 
advantages at all measured sites (total body, total proximal femur, femoral trochanter 
and neck, lumbar spine, distal radius). The only site and only time at which the two 
groups were equivalent was for total body BMD at baseline (Laing et al., 2002). In a 
similar but larger scale study, Nurmi-Lawton and her team (2004) studied an initial 
cohort of 45 female artistic gymnasts (training >10 hours per week, mean age 11.1 
years) and 52 controls over a three-year period after which time 23 gymnasts and 33 
controls remained in the study. Annual measures of BMD, BMC (lumbar spine, total 
body and hip) and body composition by DXA as well as QUS and VOS at the 
calcaneus were performed. In addition, 53 mothers of gymnasts and controls (27 and 
26 respectively) were examined cross-sectionally for BMC and BMD at the same 
sites. The age-range of the participants (8 to 17 years) coupled with anthropometric 
measurements, allowed the authors to estimate years from peak height velocity 
(PHV) which was used to classify the participants in terms of maturity along with self-
assessed secondary sexual characteristics (on each measurement occasion). 
Gymnasts had impressive advantages in bone, 24 to 51% greater BMC and 13 to 
28% BMD than controls as well as significantly higher QUS and VOS, for each 
calculated biological age category (years from peak height velocity) other than +3 
(three years from PHV) when only arm BMC (extracted from total body DXA) was 
greater in the gymnasts. In terms of total bone mineral, gymnasts were estimated to 
have accrued around 170 grams more than controls across the pubertal period. The 
comparisons between mothers revealed no bone mass differences. This study was 
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unusual in its use of maturity indicators in comparisons and attempted “control” of 
hereditary factors by including mothers of participants and perhaps the claims of 
evidence for the skeletal benefits of impact loading throughout puberty should 
probably be tempered by what appears to be an unexpected “catching-up” by 
controls three years post predicted-PHV. Proctor and colleagues (2002) take us back 
to the collegiate “scene” with a cross-sectional study of 25 female collegiate 
gymnasts (mean age 20 years) and 25 controls (mean age 21.4 years) but with the 
express purpose of separating the effects of high-impact loading from those 
engendered by daily living. This was approached by extracting upper extremity bone 
mass information from whole body DXA scans as well as making individual scans of 
lumbar spine and proximal femur. Total body, lumbar spine, right and left proximal 
femur were all significantly greater than controls by 8% and 18-19% respectively 
while both dominant and non-dominant arms were 17% greater. Controls but not 
gymnasts had significantly more bone in the dominant arm (p<0.0001). These results 
point to a training effect rather than to natural selection as the mediator of differences 
in bone mass. 
Scerpella and colleagues’ (2003) work reverts to the question of the efficacy of 
prepubertal gymnastics training for bone mass in a study of 50 seven to 11 year-old 
female gymnasts training between one and eight hours (LOW) or more than eight 
hours (HIGH) per week over a six-month period. They were particularly interested in 
any “dose response” relationship that might be highlighted by studying subjects 
undergoing different training regimes. Twenty age, height, weight and Tanner stage-
matched girls acted as controls. In their initial report, the authors noted significantly 
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greater total body, forearm, lumbar spine and hip BMD (DXA) for both groups of 
gymnasts versus controls and significantly higher measures for all sites for the HIGH 
compared with the LOW group. Regression analysis revealed that only lean mass 
and hours per week of gymnastics’ training were significant contributors to 
predictions of bone mass (contributing approximately 32-34% and 9-20% for each 
BMD measure respectively). These findings were taken to indicate that BMD 
responded in a positive way to increased training and that even “low” levels of 
gymnastics training provided a strong osteogenic response. In the same year Zanker 
and co-workers (2003) published work that further supports the osteogenic claims of 
gymnastics training, but not a dose/response claim. Their 20 gymnasts (10 girls, 10 
boys, 20 controls) were prepubertal (seven to eight years old) and trained 8 to 10 
hours/week (girls) or 4 to 6 hour per week (boys), somewhat similar to the hourly 
demands reported by Scerpella’s group described above. Intergroup comparisons of 
DXA-determined total body, lumbar spine (areal and volumetric), total spine, pelvis, 
arms and legs BMD revealed 8-10% differences for areal and volumetric lumbar 
spine, arm, and total body BMD (0.05<p<0.01) for the girls against the controls but 
only a trend towards significance for male gymnasts at total body and arm compared 
with controls. Male and female controls had no bone mass differences. The 
magnitudes of the differences versus controls in Scerpella’s work were 7.9 to 12.2% 
for the HIGH group and 3.8 to 8.1% for the LOW group which seem comparable with 
the differences seen for the more highly trained girls in the current work. The lack of 
significant differences for the 10 male gymnasts training four to six hours, however, 
seems to suggest that their training regime did not reach a threshold for large bone 
gains. The calculated percentage differences for bone mass measures were between 
 93 
0 and 5.8%. In addition to BMC (DXA), Faulkner et al., (2003) analysed selected 
structural properties of the femur in a comparison of 30 elite prepubertal female 
gymnasts and 30 age-matched controls. They found the expected greater BMC (total 
body, lumbar spine, total proximal femur, femoral neck, and trochanter) in gymnasts 
before and after adjusting for height and weight. In addition, gymnasts had greater 
size-adjusted structural properties at the femoral neck and shaft (cross-sectional 
moment of inertia, section modulus and strength index determined by dividing cross-
sectional moment by femoral length). Surprisingly, the significant differences for BMC 
“disappeared” when the values were adjusted for differences in lean mass, leading 
the researchers to conclude that lean mass developed by training, might be 
responsible for the structural advantages achieved by the gymnasts. An interesting 
study by Laing and co-workers (2005) provided insight into the effects of gymnastics 
training with a “clear baseline” by studying 65 prepubertal beginning female artistic 
gymnasts (78 controls) at commencement of training and then two years later. Their 
use of beginning gymnasts would appear to have reduced some of the natural 
selection bias inherent in studies of elite gymnasts, who have already undergone a 
winnowing process over a number of years to reach elite status. However, during the 
course of the study, some of the girls advanced to more intense training providing 
high (N=9) and low-level (N=56) classifications. Bone mass measures were carried 
out at baseline and then 6-monthly and anthropometry, diet and estimates of sexual 
maturation annually. Interestingly, the gymnasts were quite different to the controls at 
entry having significantly lower areal BMD, BMC and bone area at total body, lumbar 
spine and forearm as well as being shorter (height, sitting height, leg length), lighter 
and lower in adiposity. There were no differences between the gymnasts by 
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classification (high and low level training) at baseline (retrospective analysis). After 
two years, the bone data, adjusted for differences in initial anthropometric (body size) 
and bone variables led the authors to conclude that the gymnasts had greater “long-
term mean responses” in total body aBMD and forearm BMC and greater rates of 
change at these same sites versus controls. The changes in forearm BMD were 
greater in the high training compared with the low training group suggesting a dose-
response to increased loading. However, perusal of the results showed that in fact, 
controls had higher absolute measures of bone at all sites at the end of the study (as 
they did at the start) so that attributing greater rates of change to training in this study 
might be tenuous. The differences at the commencement also suggest that the 
gymnasts (and their parents) may have self-selected gymnastics on the basis of their 
body types, indicating perhaps that natural selection was still a factor in the changes 
observed. 
Evidence of positive “carry-over” effects of heavy gymnastics’ training for up to 12 
years post participation was found by Zanker and colleagues (2004) in 18 former 
gymnasts (18 controls). The gymnasts were specifically recruited to represent 
sedentary life-styles, reporting less than 30 minutes of moderate physical activity on 
at least five days of the week and a broad age-span (20-30 years) and therefore a 
range of years of retirement (three to 12 years). Training demand had been 12-16 
hours per week, with commencement of participation between five and 11 years of 
age. Bone variables (aBMD of total body, total femoral neck, lumbar spine, arms, 
legs and pelvis) and body composition were measured using fan beam DXA 
technology. The recruitment and pair matching process of controls ensured no 
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intergroup differences in age, height or weight. In addition there were no body 
composition differences either though a trend was reported for higher lean mass in 
gymnasts. Half of the gymnasts reported oligomenorrhea (2-6 years duration) and 
two, amenorrhea (2-3 years) while training compared with none of the controls. Oral 
contraceptive pill use was similar for both groups. Areal BMD was higher in gymnasts 
at all sites with differences ranging between six and 11% (0.000<p<0.022). T-scores 
for gymnasts were also higher ranging between -0.2 and 3.8 compared with -1.6 and 
1.8 in controls. These results were taken as support for the proposition that this form 
of training at a young age provides residual benefits years after cessation. The small 
numbers and wide age range means that outliers could produce some skewing of the 
results, and the authors reported that both groups had instances of particularly high 
and low T-scores. 
Ward and co-workers (2005) examined a sample of 44 “elite” gymnasts (training>6hr 
per week; 17 males, 27 females; mean age 9.4 and 8.7 respectively) and 44 controls 
(20 males, 22 females) with similar biological age ~7.5 years (hand wrist X-ray, pubic 
hair/breast development). Peripheral QCT of dominant tibia and radius was used to 
estimate muscle cross section and a variety of geometric and bone density variables 
while DXA was employed for determinations of aBMD, bone area and BMC at total 
body and lumbar spine as well as BMAD of lumbar spine. Comparisons between the 
combined groups (boys plus girls) revealed a number of significant differences by 
pQCT in favour of the gymnasts at the radial diaphysis: bone size (9.2%), cortical 
area (8.2%), stress strain index (SSI 13.6%). For the tibial diaphysis, cortical area 
and thickness and SSI were 5.3, 6.2 and 5.4% greater for the gymnasts with no 
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differences detected for vBMD at either site. At the distal radius and distal tibia, both 
total and trabecular BMD were higher in gymnasts by 17 and 5.7% (total) and 21 and 
4.5% (trabecular) respectively with no differences found for bone size. Positive 
differences of varying magnitude were also found by DXA for lumbar spine 12.3, 9.1 
and 7.6% for BMC, aBMD and BMAD respectively with no difference in vertebral 
size. Total body measures likewise favoured gymnasts by 3.5 and 4.8% for BMD and 
BMC respectively, again, with no differences in bone size. Muscle cross section was 
higher in gymnasts’ radii but not at the tibia. The results were taken to indicate the 
site-specific effects of loading (particularly at the radius) with the diaphysis adapting 
via geometric means without changing mineral density while the trabecular distal 
ends of the bones actually increased density. The fact that the radial differences 
were most marked is likely the result of the much greater differences in loading 
pattern (frequency and magnitude) experienced by the upper limbs of gymnasts. 
Further information on the effects of gymnastics’ training during prepubertal 
development was furnished by Dowthwaite et al., (2006) who selected 56 Tanner I or 
II female artistic gymnasts (N=28) and controls (N=28) from a larger sample engaged 
in a separate longitudinal study. They employed fan beam DXA to measure BMD, 
BMC, and projected area of the distal third of the dominant radius, femoral neck and 
lumbar spine (L2 and L3) as well as whole body for body composition data. After 
adjustments for age, height and fat free mass (FFM), aBMD was higher in gymnasts 
at all sites in both Tanner stages (seven to 20.8%; 0.05>p<0.001). Intra-group 
comparisons showed a trend for higher aBMD in TII versus TI controls at the forearm 
and lumbar spine but did not reach significance. Unexpectedly, for gymnasts, the 
trend was for higher adjusted aBMD at all sites in Tanner I gymnasts compared with 
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Tanner II gymnasts with significance attained at the femoral neck despite nearly 50% 
more weekly training hours by older girls. The posited explanation for this 
discrepancy was an asynchrony in mineralization and bone growth (mineralization 
lagging behind changes in bone size), a feature more dramatic during the pubertal 
growth spurt. That this same phenomenon was not seen in the controls was 
attributed to less “competition” between exercise-induced demands for bone mass 
accumulation and those dictated by growth per se. Regardless, the findings support 
the notion that high-impact loading provides a strong osteogenic stimulus, a 
suggestion that the authors supported further in a separate publication based on the 
same data-set Dowthwaite et al., (2007). Here they reported on simplified geometric 
models extracted from their DXA results for the distal radius, finding significantly 
greater periosteal width, BMC, cortical cross-sectional area and section modulus for 
gymnasts versus controls as well as greater indices of structural strength (in axial 
compression) and what they termed “fall strength ratios”. In a similar vein, Vicente-
Rodriguez and colleagues (2007) compared 35 prepubertal artistic and rhythmic 
gymnasts and 13 controls, finding that artistic gymnasts (described as recreational), 
had the highest upper extremity bone mass of all groups as well as significantly 
higher lean mass. Interestingly, lean mass correlated strongly with BMC (r =0.84). 
The result probably reflects the greater emphasis on high impact loading in artistic 
versus rhythmic style gymnasts. Modlesky et al., (2008) shift the discussion back to 
mature-age female gymnasts in a very small scale study involving eight level one 
collegiate artistic gymnasts (mean age19.9 years) and eight controls (mean age 21.1 
years) using high-resolution MRI to examine trabecular micro-architecture of the tibia 
and DXA for BMC, BMD and bone area at the same site. Significantly thicker and 
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more numerous trabeculae, with less spacing and greater apparent trabecular 
volume/bone volume were found in the gymnasts (8.4-13.7%) as well as greater (but 
nonsignificant) BMC and aBMD, taken to be the result of high-load training. 
Some workers have attempted to evaluate the retention of BMC after cessation or 
reduction of gymnastics’ training for varying periods, (some reported in earlier 
sections of this review) with mixed results. Kudlac et al., (2004) carried out such a 
study on a very small sample of collegiate Level 1 gymnasts (N=10) and nonathletic 
controls (N=9) finding that gymnasts had significantly higher BMD (DXA) at the 
femoral neck (19%), Wards (22%), greater trochanter (17.8%) and total body (7.5%) 
at baseline. Gymnasts retained advantages over controls after retirement (mean four 
years) at all sites but both groups suffered significant declines at each of the femoral 
sites (0.72 to 1.9% per year) with gymnasts (but not controls) also demonstrating a 
significant decline at the lumbar spine (0.87% per year). Though the authors 
suggested that their results demonstrated the potential for persistence of benefits, 
the lumbar spine findings are interesting since there were no differences between the 
groups at baseline; hence the findings at this site indicate an inability    of 
gymnastics’ training to stimulate bone adaptation at the lumbar spine and a greater 
sensitivity to unloading as well. Clearly, the small numbers involved make it difficult to 
formulate strong conclusions. In the last work cited on gymnasts, Pikkarainen and 
collaborators (2008) examined groups of initially peri-pubertal competing female 
gymnasts (N=52), competing runners (N=46) and non-athletic controls (N=44) at 
baseline, three years later (representing the peak training and competition period) 
and finally, after seven years when training demands had reduced markedly in all 
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athletes. They measured BMC of lumbar spine and femoral neck (DXA) finding that 
the gymnasts had significantly higher values at both sites at all time-points with 
reduced activity levels (determined as total METS per week) related to reductions in 
BMC in the femoral neck only. The authors considered the findings indicative of the 
positive effects of gymnastics’ training particularly during growth and of retained 
benefits even in the face of reduced training, though the femoral neck appeared to 
require greater loading for maintenance. The inability to account for natural selection 
in the findings was an expected caveat to their conclusions. 
Summarizing the findings of the work on gymnastics cited in the present and the 
earlier section on “mixed sports” it can be concluded that the evidence supports the 
contention that training featuring a combination of strength and high impact loading, 
produces site-specific increases in bone mass as well as geometric changes 
favouring stronger bones in both young and older female participants with a greater 
effect when such training occurs during early developmental stages. Preservation of 
such skeletal advantages beyond cessation of training appears possible though the 
evidence is sparser and less consistent. 
b) Specific impact exercise programs 
More specific information on the efficacy of high impact loading regimes on bone 
properties has emerged over the last decade provided by studies of typically 
developing children and adults of various ages engaged in interventional studies. 
Such studies provide some control for the influence of natural selection as well as 
shedding light on the way that the bone response is affected by age. Consistent with 
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the notion that the effects are greatest during youth, much of this work has been 
carried out in children and adolescents through the implementation of school-based 
programs, often through augmentation or addition to the normal physical education 
program. In this vein, Morris and co-workers (1997) imposed a 10-month 
strength/impact exercise program on 38, 9-10 year old premenarchial girls (Tanner 
staging) and compared them with 33 controls. The three sessions per week (30 
minutes) included weight training and impact exercise in the form of aerobics, 
skipping, dancing, step aerobics and modified games. At the conclusion of the study, 
DXA revealed significantly greater BMD percentage gains for the exercisers at total 
body, lumbar spine, proximal femur and femoral neck, the differences being at least 
double those of the controls at all sites other than the femoral neck which gained 
about seven times more bone in the exercise group (12% versus 1.7%). Regression 
analysis suggested that gains in lean mass were the most important determinants of 
the bone changes. Similar findings were provided for 20 similarly aged boys (20 
controls) undertaking a “moderate” exercise program over eight months again at a 
rate of three 30-minute sessions per week. Similar activities were undertaken and the 
results were again a two-fold greater increase, this time in aBMD (DXA) for the 
exercisers reported as percentage gains per month. In addition, cortical thickness 
increased in the femoral shaft of the exercisers but not in controls. Interestingly, the 
controls had a greater increase in femoral midshaft section modulus, a finding not 
completely explained by the authors who referred to potentially large errors 
introduced by small measurement errors when exponents were used in calculating 
this variable (Bradney et al., 1998). Fuchs et al., (2001) deviated from a mixed 
activity program, instituting a specific jumping program consisting of 100 jumps from 
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a 61-cm box three times per week over seven months for 45 boys and girls (5.9 to 
9.8 years) and 45 controls. Bone mineral content (by DXA) of femoral neck and 
lumbar spine increased 4.5% and 3.1% more in the jumpers respectively as did BMD 
at lumbar spine (2%) and bone area (2.9%). In absolute terms, the changes ranged 
between 3.8 and 9.7% for all bone measures in exercisers. The impact loads for the 
jumps were calculated as eight BW, justifying the description of “high impact”. Two of 
the team followed the children over a similar period of “detraining” (Fuchs and Snow, 
2002), finding that the training-induced advantages in femoral neck BMC and bone 
area (BA) were retained (4% for each), but lumbar spine differences were no longer 
apparent. They concluded that their simple program was effective at the femoral neck 
presumably due to the greater loads experienced by the femur in jumping and 
landing exercises. A similar jumping program over seven months was instituted by 
Petit et al.,(2002) in a large sample of pre and early pubertal girls (N=383). This time 
the sessions were 10-12 minutes long, three times per week and consisted of diverse 
jumping activities progressing in three month-blocks from 50 to 100 jumps per 
session from a starting height of 10 to eventually 50 cm with loads estimated at 
between 3.5 and 5 BW. The analyses were all focused on the femoral neck using hip 
structural analysis (HAS) derived from DXA scans. In prepubertal subjects there were 
no differences in gains for any of the structural features but for the early pubertal 
girls, the changes for aBMD exceeded controls at the femoral neck and 
intertrochanteric regions (2.6 and 1.7% respectively), differences underpinned by 
increases in bone cross sectional area and cortical thickness (2.3 and 3.2% 
respectively). The latter led in turn to a four percent advantage for section modulus 
(and therefore greater estimated bending strength) for the early pubertal exercisers. 
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The lack of response in the prepubertal girls appears to be at odds with the studies 
already sited in this section and with those reported earlier in unilateral and 
gymnastics’ studies and perhaps indicates that loading magnitude is more important 
for bone responses in younger children. The group (MacKelvie et al., 2002) next 
reported the effects of their jumping program on 133 prepubertal boys of either Asian 
or Caucasian origin with the aim of exploring associations between bone mass, 
ethnicity and BMI. Sixty and 61 boys formed the control and intervention groups 
respectively. The exercise group gained more BMC at total body (1.6% p<0.01) and 
proximal femur aBMD (1% p<0.05). Subsidiary analysis of the group members with 
BMI below the 75th percentile showed that exercisers gained significantly more total 
body and lumbar spine BMC as well as aBMD at proximal femur and trochanteric 
region (~2%) with no differences due to ethnicity. For the boys in the highest quartile 
for BMI there were no intergroup differences for any measurement. Hence the 
program was only effective for children of low BMI, a finding purportedly due to the 
greater stresses placed on the skeleton in supporting extra mass and not augmented 
by this particular training regime. Most of the same authors (McKay et al., 2005) 
constructed and tested the effects of a counter-movement jumping program over 
eight months in 51 young boys and girls (mean age, 10.1 years). The 10 jumps were 
performed three times each within the classroom requiring about three minutes. At 
the end of the intervention, controls actually gained more total body bone mass 
(1.4%) but exercisers had the advantage at total proximal femur (two percent) and a 
surprising 27% at the intertrochanteric region with no intergroup differences for 
structural parameters extracted from the femoral DXA scans. There were no 
differences detected by gender, though intervention boys had greater BMC 
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responses than controls at all regions of the proximal femur with the exception of 
femoral neck (3.1, 4.0 and 4.2% for proximal femur, intertrochanteric region and 
greater trochanter respectively) while girls exceeded controls by 1.0 and 1.4% 
(proximal femur and intertrochanteric regions respectively). These results appear to 
agree with the prior work reported by these authors (above) for early pubertal 
(Tanner staging) children. 
Iuliano-Burns and co-workers (2003) provided insight into the interaction between 
calcium and impact exercise in an 8.5 month intervention with 66 seven to 11-year 
old girls randomized into moderate or low impact exercise groups with or without 
calcium supplementation. Moderate impact involved 20 minutes of hopping, jumping 
and skipping activities (two to four times BW) three times per week and calcium 
supplementation was approximately 400mg per day. Positive BMC/calcium 
interactions were found at the femur (7.1% more), humerus (2.2%) and the radius-
ulna (4%). A main exercise effect at the tibia-fibula (3%) was also detected. From the 
overall results the authors concluded that exercise plus calcium improved the 
response of the femur to exercise; exercise alone increased tibia-fibula bone mass 
while calcium alone increased bone mass at the sites not loaded by the exercise 
program. These findings are a little difficult to interpret given the apparent site-
specific responses to the combination of “treatments”, they do however raise the 
issue of whether calcium supplementation is necessary to optimize the bone 
response to exercise especially given that calcium supplementation alone (1000 mg) 
or combined with vitamin D, had no influence on BMD nor BMC at total body, left arm 
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and left leg over two-years in a sample of 258 Finnish girls 10 to 15 years of age 
(Wang et al., 2007). 
Van Langendonck and others (2003) controlled for inheritance in examining the 
effects of impact exercise in prepubertal girls by studying 21 pairs of monozygotic 
twins, one of each pair randomly assigned to a nine month impact exercise program 
or to control. The impact intervention involved brief (10 minute) sessions consisting of 
skipping (50 times), hopping as far as possible (20 times off each foot) and jumping 
and landing from a 40 cm box (15 one and 30 two-footed landings). After nine 
months, controls had expected growth-related increases in BMC and aBMD (DXA) at 
all measured sites (5.9 to 13.8%). Initial comparisons between the groups revealed 
no effects of the intervention, however, comparisons between the exercisers and 
those controls (N=18) who reported no leisure-time impact exercise, revealed 
significant differences in favor of the exercising twins for proximal femur BMC and 
BMD (2.5% and 1.9% respectively). The conclusion drawn was that impact exercise 
can augment bone mass where weight-bearing activity is lacking. The lack of effect in 
this study supports the findings of Petit and others (2002), cited above, who found no 
added bone benefit accrued from impact exercise in prepubertal girls. Ginty and 
colleagues (2005), shifted the focus to 16 to 18 year-old boys (N=128) in a cross-
sectional study of the relationships between BMC and reported participation in ‘no’, 
‘low’, ‘moderate’, or ‘high’ impact activities in addition to measures of strength and 
cardiovascular fitness. Briefly, when bone mass data (DXA) were adjusted for height, 
weight and bone area, the boys in the highest third for high-impact activity had 
significantly greater total body and total hip BMC compared with those in the lower 
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third (3.4 and 8.5% respectively). Obviously the cross-sectional design and use of 
current activity information (as opposed to “life-time” physical activity) weaken any 
claims for the effect of high-impact exercise on bone accumulation in this work. 
Returning to prepubertal subjects (Tanner staging), Linden and his group (2006) 
provided a means of gauging the efficacy of specific exercise impact programs such 
as cited throughout the current section, by reporting on the skeletal effects of a 
“general” physical exercise intervention involving adding 40 minutes of activity daily 
to the normal physical education program. They examined 99 seven to nine year-old 
girls (49 exercise, 50 controls) over two years finding that those participating in extra 
physical activity gained significantly more BMC and aBMD (DXA) at lumbar spine 
(3.8%, 1.2% respectively); L3 (7.2%, 1.6%) and legs (3%, 1.2%) plus aBMD of total 
body (0.6%). There were also small but significantly greater increases in the size of 
L3 and of the femoral neck. These results are interesting in that, here, prepubertal 
skeletons did show sensitivity to additional activity not specifically designed to be 
osteogenic in contrast to some of the work cited above. Perhaps the longer time-
course of Linden’s study allowed the changes to emerge. In a somewhat similar 
design, the normal physical education programs of 281 Canadian 10 year-old boys 
and girls (129 controls) were supplemented with an extra 15 minutes of general 
activity daily plus approximately three minutes per day of varied incremented jumping 
and landing activities (up to a maximum 36 jumps) over 16 months (Macdonald et al., 
2007). Developmental stage was determined by self-reported Tanner stages and 
pQCT was used to assess changes in bone strength of the distal and middle tibia 
(bone strength index BSI, polar strength strain index SSI, total and cortical area of 
the midshaft). After 16 months a trend for greater increases in BSI was observed in 
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boys versus controls which reached significance for the prepubertal stage alone. 
Interestingly, there were no differences between females in either group regardless 
of developmental stage. These findings add to the concept that bone loading does 
not require large numbers of repetitions to bring about changes but also hints at the 
need to use activities generating higher loads, they also add to the inconsistencies 
concerning the interaction between developmental stage and exercise, since in this 
work, only the prepubertal boys made significant gains. The fact that the intervention 
involved no special equipment and very little time to implement is important and 
provides useful information for those seeking a “formula” for supplementing the 
physical education curriculum with bone-specific activities. In a separate report of the 
same work, the authors provided data on BMC and strength indicators for the femoral 
neck using Hip Structure Analysis (HSA). For boys the changes in strength indicators 
were similar but intervention boys gained significantly more BMC at lumbar spine 
(2.7%) and total body (1.7%) while for girls, femoral neck modulus (Z) was greater by 
3.5% (p=0.1) which increased to 5.4% (p=0.05) when teacher compliance was 
accounted for. The later finding was used to highlight the importance of being able to 
document program compliance in such work (Macdonald et al., 2008). In the same 
year Gunter, working with two different teams (2008), followed a similar path with a 
seven-month jumping program imbedded in the normal physical education programs 
of 101 prepubertal boys and girls (8.6 years of age at baseline) with 104 children 
acting as controls. In this case the children were followed for three years after 
intervention to assess persistence of changes. The intervention required a maximum 
of 100 jumps per session (three sessions per week) producing an estimated three to 
four BW on each foot (forceplate). A significant immediate post intervention effect 
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was found at all measurement sites adjusted for age, maturity (peak height velocity) 
and tissue mass. Lumbar spine, total hip, femoral neck and whole body BMC (by 
DXA) were 7.9, 8.4, 7.7 and 7.3% higher in the jumpers respectively. After three 
years, reduced advantages were still present at each site (2.3, 3.2, 4.4, 2.9% 
respectively, all p<0.05) while at eight years jumpers retained a significant advantage 
for hip BMC (+1.4%). Hence, a relatively brief (seven months) jumping program 
generating loads of eight BW (two-foot landings) appears to produce strong positive 
effects on BMC in prepubertal children which may persist for some years thereafter. 
Using a similar program, Weeks et al., (2008), studied the effects of 10 minutes of 
jumping exercise twice weekly in place of the “normal” warm-up used in regular 
physical education classes in 99 adolescents (mean age 13.8 years, 46 boys, and 53 
girls) randomized to intervention or control groups. Sessions consisted of 
approximately 300 varied jumping activities with heights varying between 20 and 40 
cm. Developmental stage was determined by both Tanner staging and years from 
PHV. Bone parameters were evaluated by ultrasonic (QUS at the calcaneus) and 
DXA techniques (BMC, BMD, bone area) at femoral neck, trochanter, lumbar spine 
and total body. In addition, mechanical parameters were extracted from the latter. 
After eight months, the analyses revealed sex-specific responses to the intervention 
with boys exceeding controls in calcaneal BUA and total body BMC (10.6% versus 
6.3%) while female jumpers improved more than controls for femoral neck BMC and 
lumbar spine BMAD (13.9 and 5.2% respectively). These results compliment Gunter 
and colleagues’ (cited previously) cross sectional and longitudinal findings supporting 
the notion that brief impact sessions can produce worthwhile bone accrual in children 
post puberty. 
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It would seem from the foregoing that brief episodes of impact exercise added to and 
embedded within regular physical education classes can effect positive changes in 
bone mass and geometry particularly at loaded sites in children at different 
developmental stages. However, the interaction between developmental stage and 
magnitude of loading is still not completely resolved, nor is the degree of persistence 
of such changes post-intervention. We now shift from what might be referred to as 
“prevention” (instituting osteogenic exercise during childhood and adolescence) to 
“cure” by determining how impact exercise might affect bone mass in adults of 
varying ages and both sexes (after the age of peak bone mass accrual). To be 
accurate, some of the studies are not specifically “high-impact” but are included 
because they allow a gauge of how the skeleton responds to various forms of 
exercise with increasing age. As was the case for the previous section, this material 
is presented more-or-less chronologically, sampling the literature from a little over the 
last decade 
1.3.4.7 Effect of age and gender on the response of bone to loading 
Dalsky et al., (1988) provided an early insight into the response of the older skeleton 
to weight-bearing exercise and the effects of detraining using 35 sedentary 
postmenopausal women (55 to 70 years of age) in short (nine months) and long-term 
(22 months) exercise interventions by assigning some women to a control group for 
the duration of the 22 month program and having half of the original exercisers 
terminate their exercise at nine months. Exercise sessions were 60 minutes, three 
times per week consisting of walking, jogging and stair climbing (at 70-90% 
estimated maximum oxygen uptake - MaxVO2). Lumbar spine BMD (dual photon 
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absorptiometry) increased significantly over 9 months in the exercisers (5.2%) with 
no significant change in controls (-1.4%). Continued training (13 months) raised BMC 
to 6.1% above baseline values while detraining over the same time returned bone 
mass to baseline values. Hence, the postmenopausal skeleton appears to be able to 
mount a positive response to 9-months of weight-bearing exercise, maintain gains if 
exercise is continued but lose it relatively rapidly with its cessation. The gains made 
by the women in this work appear to be at the upper limits of expectations on the 
basis of later research (see below). Some years later, Bassey and Ramsdale (1994) 
performed a 12-month study with data available from 27 premenopausal women 
(mean age 31 years), 14 completing an intermittent high-impact exercise program 
consisting of jumping and skipping within once weekly move-to-music classes and 50 
jumps daily at home. The remaining women acted as controls. At the end of 6-
months, the exercisers had gained 3.4% at the trochanteric site (DXA) (p<0.05 
versus controls). Controls then joined the exercise program and testing repeated 
after a further 6-months. The former controls (N=7) gained 4.1% at the same site 
while the original exercisers maintained their gains relative to baseline. Considering 
the brevity of the program and the modest estimated loads engendered by the jumps 
(only two BW) these changes appear substantial and important given the 
seriousness of osteoporotic femoral neck fractures. In addition, the maintenance of 
bone over six months of “detraining” contrasts with the findings of Dalsky’s group 
(cited above) whose detrained subjects returned to baseline values, though over a 
period twice as long. The fact that the latter were postmenopausal suggests that 
factors associated with aging (e.g. oestrogen), limit the ability to maintain bone added 
in response to exercise. Bassey and Ramsdale (1995) shifted their focus to 
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postmenopausal women with impact exercise delivered in the form of 50 “heel-drops” 
six days per week. After 12-months, there were no differences between groups for 
any measurement site (femoral neck, lumbar spine, distal radius by DXA) and 
actually a significant reduction in BMD at the distal radius in the exercisers. Clearly, 
the results were not favourable for proponents of impact-exercise as a means of 
“protecting” against bone loss or adding bone in this age group. It might be 
speculated that the loads, estimated at two BW on each foot (forceplate) and about 
2.5 BW of compressive force in the femur (Bassey et al., 1997) were too small or that 
bone sensitivity and/or adaptability to this form of exercise declines with age and loss 
of oestrogen. These issues were explored by the same lead author in a 12-month 
high-impact exercise study, exposing groups of both pre (N=30 exercise; 25 controls; 
mean age ~38 years) and postmenopausal women (N=45 and 32; mean age ~55 
years) to the same training regime consisting of 50 vertical jumps daily, six days per 
week calculated to engender ground reaction forces of three BW in the younger and 
four BW in the older women (Bassey et al., 1998). After 5 months, the 
premenopausal women gained significantly at all sites (spine, proximal femur, DXA) 
with a 2.8% improvement at the proximal femur significantly exceeding controls. On 
the other hand, in postmenopausal women, there were no intergroup differences 
after 12 or 18 months leading to the conclusion that the postmenopausal skeleton 
does not respond to brief high-impact exercise. However, the authors were cautious 
in dismissing positive exercise effects in this age group citing previous positive 
results from weight-training by Kerr et al., (1996). At about the same time, Kohrt et 
al., (1997), published their findings from another small-scale study involving 39 
women 60-74 years of age with considerably different outcomes. In this work, women 
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were assigned to either “joint-reaction” (N=13, progressive resistance weight-lifting of 
all major muscle groups plus rowing exercise), “ground-reaction” (N=14; walking, 
jogging, stair climbing) or control groups (N=12) over a nine-month period with 
measurements repeated approximately three monthly. Both exercise protocols 
produced similar significant improvements in BMD (DXA) at total body (~2.0%), 
lumbar spine (~1.5%) and Wards area (>5%) while only ground-reaction exercise 
improved femoral neck BMD (3.5% versus -0.2%). There were no changes in the 
controls, an interesting finding in that one might expect bone loss to occur in 
sedentary postmenopausal women over this time period, however, the changes that 
did occur were negative at two sites. It is difficult to reconcile the differences in the 
results of the two studies; however, Kohrt’s exercise program certainly didn’t deliver 
“high-impact”, so perhaps the programs should not be directly compared. Using a 
somewhat similar approach, Heinonen and co-workers (1998) compared 18 months 
of calisthenics (rhythmic strength/endurance exercises) and endurance training 
(walking, stair climbing, cycle ergometry and jogging at 55-75% MaxVO2) for their 
effects on BMD of the lumbar spine, right femoral neck, calcaneus and distal radius 
(DXA). This time the subjects were 105 perimenopausal women aged between 52 
and 53 years assigned to one of the exercise programs (N=36 and 34 respectively) 
or to a control group (N=35). Training sessions were 50 minutes approximately three 
times per week and bone density was measured at six time points. The results 
suggested a significant positive difference between endurance and control groups for 
maintenance of femoral neck bone mass with no effects of “calisthenics”. 
Interestingly, the endurance group also tended to lose bone at the distal radius. The 
results obviously contrast with the more positive outcome of Kohrt’s work with an 
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older group of women and add to the inconsistency of results so far encountered in 
training studies in older women. A nine-year follow-up of 80 of the women in 
Heinonen et al.s’ original 1998 study (cited previously) indicated that physical fitness 
declined by between five and 30% and bone characteristics by three to 10% with the 
exception of lumbar spine BMC and femoral neck periosteal diameter which 
remained unchanged. Hormone replacement therapy was cited as the major 
contributor to maintenance of BMC (Uusi-Rasi et al., 2005). The same group 
(Heinonen et al. 1996) had previously found that impact style exercises were an 
effective means of increasing bone mass in an 18-month randomized control trial in 
premenopausal women (N=39 exercisers; 45 controls) so perhaps it is surprizing that 
they didn’t continue with this form of training in their later investigation. Their earlier 
program involved 20 minutes of supervised multidirectional jumps alternating with 
step exercises delivered three times per week with ground reaction forces estimated 
at between 2.1 and 5.6 BW. They reported significant improvements in the exercisers 
versus controls at all lower body sites (about 2% for the lumbar spine and femoral 
neck). Interestingly, controls also increased bone at five of eight sites but suffered 
losses at the distal femur, proximal tibia and radius while exercisers also lost bone at 
the distal radius.  
Maddalozzo and Snow (2000) appear to have been among few researchers to 
include older males in training and bone mass studies, engaging 28 (mean age 54.6 
years) men and 26 non oestrogen-replaced women (mean age 52.8 years) in a 
relatively brief (24-week) exercise intervention (either high or moderate intensity 
resistance exercise). Both training programs ran three times per week for 
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approximately 75 minutes per session and both consisted of 12 or 13 exercises 
targeting all major muscle groups. The moderate intensity group utilized machine 
weights and target loads of 40-60% 1RM with three sets of 10-13 repetitions per 
session while the high intensity group used free weights with a 70% 1RM target and 
three sets of eight exercises. Both programs were evaluated and loads incremented 
periodically. The programs produced different responses by gender with high 
intensity training improving spine BMD (1.9%) in men with no changes in women of 
either group. Both moderate and high intensity training improved trochanteric BMD in 
men but not in women. Paradoxically, baseline (time 0) measures of trochanteric 
bone mass improved (though not significantly) after 24 weeks in both high intensity 
trained groups (1.3% and 2.0% men and women respectively) but femoral neck bone 
mass decreased (-1.8%) in the high intensity groups (both men and women). 
Circulating levels of IGF-1 and its binding protein were unaffected. Hence despite 
large improvements in strength (~38%) and lean mass (4.1% males, 3.1% females), 
bone mass showed little response in women, suggesting perhaps, that weight 
training could not counter the effects of lost oestrogen. 
Though not an intervention, the work of Taaffe and associates (2001) provides 
insight into the bone, lean and fat tissue relationship, relevant since strength training 
has generally proven effective at increasing lean mass and reducing fat mass. In a 
large-scale work, they investigated these relationships in 738 white women, 599 
black women, 827 white men and 455 black men aged between 70 and 79 years. 
Body composition and bone mass (upper and lower limb) were estimated from total 
body DXA and grip strength (isometric) and knee extensor strength by hand 
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dynamometer and isokinetic dynamometer respectively. They found lean mass to be 
the dominant independent predictor of BMD at the femoral neck, upper and lower 
limbs and total body in men, while for women; fat mass was also a contributor at 
femoral neck and lower limb, with strength adding significantly to the prediction of 
limb bone mass. The authors suggested, based upon these results, that programs 
that increase lean mass should represent an appropriate strategy for maintenance of 
bone mass in both men and women. Given that the strength training program 
conducted by Maddalozzo and Snow (2000, cited above) had little affect on bone 
mass in women despite improvements in lean mass and strength, begs the question, 
“how large do the changes in lean mass/strength need to be to impact favourably on 
bone?” 
Returning to the impact-exercise theme, heel drop exercises were employed by a 
team of researchers in a home-based two-year program in 157 osteoporotic  and 
osteopenic women aged 60-85 years in an attempt to deliver a simple exercise 
program (3-5 minutes daily) with a reproducible osteogenic stimulus (Hans et al., 
2002). They provided exercise (N=99) and “sham” groups (N=32) with a “home-use 
platform” to allow individuals the ability to accurately monitor loading with a non-
exercise group (N=26) providing further control. At the completion of the trial, there 
were no differences between the groups for hip BMD (DXA) but 45% of the exercise 
group members showed gains compared with 12% and 22% of the sham and 
controls respectively leading the team to conclude that even brief daily exposure to 
this form of impact exercise maintained hip BMD. Increases in sham and control 
group bone mass at the age of the participants in this study seem paradoxical and 
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suggest a need to monitor all physical activity in such studies. At the opposite end of 
the scale, in an ambitious study of “intense” exercise, Kemmler et al., (2002) studied 
100 early postmenopausal osteopenic (spine or hip -1>T<-2.5) women randomly 
assigned to either exercise or control groups (N=59 and 41 respectively; mean age 
~55 years). Exercise was performed more than twice weekly (twice supervised and 
twice at home) and consisted of a combination of endurance, jumping, strength 
training and stretching exercises. The supervised sessions lasted 65-70 minutes and 
the activities were incremented regularly. Impact-exercise was delivered through a 
combination of aerobic activities (~2 BW determined on a forceplate) and jumping 
exercises (skipping, various jumping and landing activities) engendering 2-3 BW in 
one and two foot landings over a relatively brief period (~10 minutes). Strength 
training was performed using both free and machine weights and loads, repetitions 
and sets were adjusted to increase the training stimulus cyclically. Home sessions 
consisted mainly of isometric and “belt” exercises to which rope-skipping was added. 
After 14 months, the program produced significant and large improvements in 
concentric strength (15 to 43%), maximum isometric strength (11 to 32%) and 
MaxVO2 (11% versus -4% in controls). Lumbar spine BMD (DXA) also improved 
significantly by 1.3% compared with a negative result for controls (-1.2%). Results for 
the same program after two years (50 exercisers, 33 controls) were reported by the 
team with additional data provided by QCT (lumbar spine), DXA of forearm and blood 
analyses of bone turnover markers and lipids (Kemmler et al., 2004). The results 
were similar, though the degree of change compared with their first report is hard to 
determine since some of the subjects were lost between the reports. This time the 
differences in L1-L4 BMD were +0.7 and -2.3% for exercise and control groups 
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respectively while for trabecular and cortical regions of interest (L1-L3), the 
exercisers had significant advantages (+0.4 versus -6.6% and +3.1% versus -1.7% 
respectively). Both groups lost bone at the total hip (0.3 and 1.7% respectively) and 
also at the distal radial site (up to 4% loss for both groups) while there were no 
changes in markers of bone turnover. The results favour the idea of site-specific 
effects on bone with an emphasis on small increases retained by continued 
participation. The negative finding for the forearm is difficult to rationalize but 
reinforces an apparent susceptibility to loss at this site, a phenomenon reported in a 
number of studies cited throughout this review. A final report was published on this 
work in 2006 (Engelke and Gluer, 2006) with 48 exercisers and 30 controls remaining 
in the study which incorporated ultrasonic measurements at the heel, (BUA and 
SOS) in addition to DXA. The results suggested bone maintenance rather than 
acquisition, with exercisers demonstrating either small positive changes (lumbar 
spine) or no change in bone at most sites (other than losses at the distal radius) 
while controls suffered losses at all sites. Ultrasonic measures were significantly 
greater in the exercisers (BUA 5.8% and SOS 1.3% versus reductions of 5.4 and 
0.9% for controls). Overall, the results appear to support the notion that only small 
bone gains may be expected from this form of training after menopause. Importantly, 
all the women were osteopenic and were able to perform an arduous program 
without injury gaining substantial strength likely to provide protection against falls. 
Though the small bone gains were likely to be biologically important, the retention of 
benefits is an important consideration given the complexity of the program that was 
required to produce them. The improvements took place in the face of reduced 
oestrogen exposure (no HRT) but women were both calcium and Vitamin D-replete 
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(1500mg and 500IU respectively). In recognition of the difficulties of application and 
perseverance, home-based exercise programs (some cited above) are appealing, in 
this vein, Papaioannou et al., (2003) randomized 74 women (mean age 72 years) 
with defined osteoporosis and at least one vertebral fracture to a home-based 
exercise program or control group. Exercise sessions were one-hour per day, three 
days per week and included strength activities (using body weight) and “thera-bands” 
and aerobics (walking) over six months. Lumbar spine and femoral neck BMD were 
assessed by DXA at baseline and then after 12 months at which time there were no 
differences detected between the groups, hence any gains that may have been made 
at the end of monitored training were not retained. Given the understandably 
moderate nature of the program, and the modest gains obtained with much more 
strenuous programs, this result would not be unexpected. In similar fashion, Englund 
et al., (2005) randomly assigned 48 community living women (66 to 87 years) to 
either a combined weight-bearing and exercise program or control. The intervention 
was carried out twice weekly (50 minute per session) consisting of both aerobic 
activities and strength training against body weight with dumbbells used for arm 
loading (two sets of eight to 12 repetitions). One-legged and “coordinated stepping” 
activities were employed to train balance. At study end, Wards area BMD had 
increased by 5.3% in exercisers and diminished in controls (-3.1%). There were no 
other differences between the groups. Interestingly and rather surprisingly, both 
groups had small positive changes in the arm (1.5% exercise, control 1.5%) lumbar 
spine (3.1%, 1.0%) and trochanter (6.3%, 2.9%) though only the gains in the 
exercisers reached significance. Considering the apparent moderate nature of the 
exercise program, the results appear quite positive though they still favour 
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preservation rather than increase. The fact that the BMD data were all derived from 
total body scans which are not generally used in place of separate scans of the 
femoral neck or lumbar spine might be of some concern in interpreting the results. 
Turning to younger women Vainionpää and his team (2005) studied the effects of 12 
months of high-impact exercise (N=120, 35-40 year olds). Exercise comprised 
supervised sessions incorporating step patterns, stamping, jumping, running and 
walking thrice weekly to which 10 cm bench stepping was added progressively. Ten 
minute home exercise sessions (similar exercises) were encouraged. Compliance at 
the completion of the study furnished 39 exercisers and 41 controls for analysis. 
Small but significant gains (p<0.029 to 0.006) were made by the exercisers 
compared with controls at femoral neck (1.1% versus -0.4%), intertrochanteric site 
(0.8% versus -0.2%), total proximal femur (0.1% versus -0.3%) and L1 (2.2% versus -
0.4%) with added benefits indicated by BUA at the calcaneus (7.3% versus -0.6%). 
Additional analyses of their results based upon vertical acceleration (accelerometers) 
allowed the team to educe the relationship between exercise intensity and BMD. 
They concluded that acceleration levels exceeding 3.9g at less than 100 repetitions 
per day were significantly correlated with change in hip BMD (Vainionpaa et al., 
2006). 
Karinkanta et al., (2007) targeted home-dwelling elderly women (N=149; 70-78 
years) with a 12-month “multi-component” exercise program (three sessions per 
week) using four groups: resistance training, balance-jumping, combination strength 
and balance and a control group. Incremented resistance training utilized three sets 
of 8-10 repetitions at 75-80% 1RM with exercises mainly directed at the lower body 
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(rising from seated position with weighted vest, squatting, leg presses, hip extension 
and abduction). Balance-jumping consisted of aerobics-style step exercises with 
different styles of jumping combined with static and dynamic balance activities. The 
combination strength and balance group followed the same program as described for 
the other groups but alternated between them on a weekly basis. Both DXA (BMC, 
BMD and HSA of proximal femur) and pQCT (radius and tibia) were used to examine 
changes in bone mineral content and distribution. Intention-to-treat (ITT) analyses 
found no differences between groups at the femoral neck but Bone Strength Index 
(BSI) decreased two percent less in the combination exercise group than in the 
control group. Such results are somewhat disappointing and add to the weight of 
evidence that it is difficult to promote bone gains through strength training or 
moderate impact loading in later life but perhaps also in mid-life as shown by 
(Winters-Stone and Snow, 2006) who investigated the site-specific nature of the 
skeletal response to combined strength and impact exercise in 35 normally 
menstruating women and 24 controls (mean age ~40 years). Over 12 months, one 
exercise group performed lower body exercises consisting of 100 varied jumps (nine 
sets: off the ground, from eight inch boxes, varied directions, one or two-foot 
landings) followed by 100 repetitions (total) of lower body exercises (lunges, calf 
raises and squats). A second group performed the same exercises followed by upper 
body resistance exercise targeting the shoulder, pectoral and elbow muscles (using 
rubber bands). Increments for the lower body exercises were provided through the 
use of weighted vests. Three supervised sessions per week were conducted. At the 
completion of the trial both exercise groups significantly improved greater trochanter 
BMD (DXA) with no inter-group differences. However when the least compliant 
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exercisers were excluded, analyses showed that the combined upper and lower body 
exercise group had gained significantly more lumbar bone mass than the other 
groups (1.4% versus -0.9% lower body exercisers and -0.6% versus controls). 
Importantly, the resistance work for the upper body was often combined with lower 
body exercises (squats, lunges etc.) which might explain some of the positive 
changes in the combined upper and lower body exercise group who likely produced 
greater compression loading on the lower limbs and spine by exercising in this 
manner. We move back to elderly women with the work of Korpelainen et al., (2006) 
who conducted a 30-month randomized controlled exercise trial of 160 elderly 
women (mean age 73 years) identified with low bone mass (hip BMD T<-2) 
employing both supervised (one hour per week over six months of each year) and 
home-based training sessions (20 minutes daily). Activities included varied jumping 
and balance exercises (dropping, stamping, stair stepping and more). The outcomes 
were once again indicative of preservation of bone by exercise with femoral neck and 
trochanteric sites (DXA) decreasing in controls (-1.1% and -1.6%) and remaining 
unchanged in exercisers. However, both groups lost significant amounts of radial and 
calcaneal bone. The loss at the latter site in the face of loads consistently transmitted 
through it is difficult to explain. Bergström et al., (2008 ) carried out a similar study 
again using elderly women with established low bone mass (T-score < -1 total hip or 
lumbar spine) but who had also sustained forearm fractures. Ninety two women 
(mean age ~59 years) completed the 12-month study either as controls or exercisers. 
Weekly exercise consisted of three “fast” 30-minute walks and one or two one-hour 
supervised training sessions engaging subjects in a five-minute warm-up, 25 minutes 
of strengthening exercises (arms, legs, stomach and back), 25 minutes of aerobic 
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exercise and five minutes of stretching. Unfortunately, no further details of the 
intervention were provided. Both groups had small losses of bone at the lumbar spine 
but there was a small significant gain (0.58%) at the total hip for the exercisers 
compared with a loss for the controls. These results are in agreement with previous 
work showing the potential for exercise to provide small increases but mainly 
conserve bone in postmenopausal women. The next study cited in this section may 
seem out of place given the concentration on postmenopausal women to date, 
however it may serve to provide further information on not only the age/impact-
exercise interaction but also the frequency of loading needed for a positive response. 
Kato and colleagues (2006) recruited thirty-six female college students (mean age 21 
years) and subjected half to a thrice-weekly program of 10 maximum vertical jumps 
over six-months. Ground reaction forces were determined as 2.35 BW (take-off) and 
4.76 BW (landing) by forceplate. Pre-post comparisons showed that jumping exercise 
significantly increased femoral neck and lumbar spine BMD by approximately 2.5% 
for each site (DXA) with no change in controls. These findings support earlier animal 
and human work suggesting that relatively few loading cycles are required to produce 
positive changes in bone (given an appropriate magnitude and loading/unloading 
velocity) in women close to the age of peak bone mass accrual and perhaps further 
highlights the differences in sensitivity of the skeleton to exercise after menopause 
though it should be emphasized that applied loads in studies of the latter age-group 
are universally mild to moderate in nature due to safety concerns. 
It is probably fitting to complete this section by briefly citing the results of three recent 
meta-analyses on the subject of exercise and bone, both targeting osteoporosis. The 
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first by Howe et al., (2011) was concerned specifically with postmenopausal women 
and after applying specific quality criteria to nearly 1000 articles, based their 
conclusions on 43 describing the results of random controlled trials (RCTs). In 
summary, they suggested that a relatively small significant effect of exercise on BMD 
could be expected, with different forms of exercise recommended for different sites. 
For the neck of femur, progressive resistance strength exercises for the lower 
extremity were favoured while a “mixed mode” exercise regimen was indicated for the 
spine. The latter probably too non-specific given that “mixed mode” could combine 
any two of the six different exercise categories identified. In the second review, 
electronic database searches eventually yielded 10 RCTs for inclusion. The relatively 
small number of inclusions was no doubt due in large measure, to the criterion that 
only studies assessing whole bone strength (by pQCT, MRI or HSA from DXA) were 
eligible. The rather pessimistic finding was that regular weight-bearing exercise could 
provide significant site-specific enhancement in children (1 to 8%) but not in adults 
though the authors made mention of reports of between 0.5 and 2.5% improvements 
in highly compliant premenopausal women (Nikander et al., 2010). Finally, and most 
relevant in the context of the current work, Babatunde and colleagues (2012) 
specifically targeted “brief high-impact” exercises in premenopausal women for meta-
analysis. Their exclusion criteria (programs requiring less than 30% supervision and 
less than 30 minutes per session) emphasized accessibility and “netted” six RCTs 
encompassing 255 premenopausal women (18 to 50 years). The results indicated 
that brief bouts of high-impact exercise could increase trochanteric and femoral 
(presumably total proximal femur) aBMD by 0.36 and 0.64 standard deviations 
respectively, amounts suggested to reduce fracture risks by 3.6 to 6.4% site 
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specifically. However the “picture” for the lumbar spine was pessimistic with no 
significant benefits found for aBMD at this site, though the inability of DXA to detect 
important geometric changes and the possible simultaneous positive effects on 
muscle strength were mentioned. 
From the foregoing sections, it can be accepted that impact exercise and strength 
training can provide an osteogenic stimulus that is site-specific and load dependent 
but modified by age and gender, oestrogen status and perhaps by dietary calcium. 
The mechanisms which underpin the apparent decline in skeletal responsiveness to 
exercise with age remain elusive. For example, lack of any differences in both the 
proliferative capacity of osteoprogenitor cells (aspirated from the iliac crest) and 
mineralized matrix formation in a sample of young women (N=23, 22-44 years), older 
normal women (N=15, 66-77 years) and older osteoporotic women (N=13, 58-83 
years) led Stenderup’s group to conclude that factors other than deterioration in 
these functions in these cells must be responsible for the defects in osteoblast 
function that manifest with aging (Stenderup et al., 2001 ). Similarly, Leppänen and 
colleagues (2008) using over 200 rats (N=108 females, 101 males) reported that 
senescent rats subjected to treadmill running clearly demonstrated increased 
mechanical competence and bone mass suggesting that, as they put it: “impaired 
mechano-responsiveness is not the culprit” in explaining the age-related bone loss 
associated with normal aging. Finally, the effect of age on the responsiveness to 
mechanical loading was comprehensively reviewed by Pearson and Lieberman 
(2004). They discussed various models proposed to explain the effects of age on the 
processes of bone modeling and remodeling including Frost’s “Mechanostat” theory, 
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finding that none was able to account for all of the observed age-changes. Their 
discussion of the effects of aging on bone cells, particularly osteoblast senescence 
with concomitant reduction in the number of osteocytes (reduced density of lacunae 
in cortical bone) and a reduced responsiveness of “old” bone cells to mechanical 
stimuli, provides some insight into the mechanisms that may underpin both the 
normal loss of bone that occurs in the aging skeleton and the observed differences 
effected by exercise programs at different ages. 
The next section deals mainly with exercise patterns that are either weight-supported 
or endurance in nature (and therefore mild to moderate in terms of impact loading). 
The studies surveyed are particularly relevant to the current work which focused in 
the first instance on adults participating in swimming as their primary mode of 
exercise and add to the information that can be gleaned from mixed studies on 
different sports summarized earlier. Due to the nature of the research, there is 
inevitably some overlap with the works cited earlier (e.g. swimmers and cyclists 
compared with runners and/or gymnasts. 
1.3.4.8 Studies of swimming and other weight-supported activities 
a) Cycling studies 
Cycling is an activity emphasizing endurance and lower limb strength generally in the 
absence of both impact and weight-bearing which might thereby provide some 
unique insights into the effects of the former on bone. Warner et al., (2002) provided 
interesting data on the osteogenic effects of cycling by comparing elite male 
competitive cyclists from two different disciplines, road (N=14, mean age 31.4 years) 
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and mountain bike (N=16; 26.2 years) with equivalent current training hours (~11 
hour/week). Fifteen 30.4 year-old normo-actives provided the control group. There 
were no absolute differences between the groups for any measure of bone mass 
(total body, L2-L4, femoral neck, greater trochanter and Wards area by DXA) but 
after adjustments for age and weight (mountain cyclists younger and lighter), 
mountain cyclists had significantly higher values at all sites against both road riders 
and controls. The conclusion drawn was that road cycling provides no more of an 
osteogenic stimulus than “normal” activity. It could be speculated that the types of 
terrain and the riding style they require (jumps and landings, foot-supported turns and 
the like) provide impact loads not encountered on the road and explain the bone 
advantages seen in the mountain bikers. However, given the cross-sectional design, 
selection bias cannot be excluded from the “equation”. In another cross-sectional 
study, Nichols et al., (2003) compared bone mass in competitive male cyclists from 
two different age-ranges along with controls. Twenty-seven masters’ cyclists (mean 
age 51.2 years, competition history 10 or more years) were matched with 24 non-
athletes and both groups compared with young adult competitive cyclists (N=16; 
mean 31.7 years of age) with about the same competitive history. Importantly, the 
cyclists from both age groups reported little or no history of past or current weight-
bearing activity. Bone mineral density (DXA) of L2-L4 and total hip were significantly 
less in the older riders than either their controls or the younger cyclists as was their 
total body BMD compared with the latter. Interestingly, two-thirds of the older cycling 
group had spine or hip BMD T-scores < -2.5, findings found in none of the members 
of the other groups. Also of interest was the finding that despite arduous training, 
there were no differences between the young cyclists and the controls at any site 
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despite an age-difference of about 20 years. Hence, this form of exercise may 
actually be detrimental to bone though the reasons cannot be simply attributed to 
lack of impact or weight-bearing given that hormonal factors (often impacted by 
heavy endurance training) were not assessed. More recent reports add support to 
the notion that lack of impact loading in cycling may have a negative effect on bone 
mass. In the first of these, Rector et al., (2008) compared measures of bone mass 
and bone turnover in 27 road cyclists and 16 runners (mean age for both ~40years) 
with a minimum exposure of six hours per week over the previous two years. Lifetime 
bone loading histories were approximated from data extracted from questionnaires 
and were significantly higher in the runners. Despite similar stature, mass and body 
composition, riders had significantly less BMD of total body (-4%) and lumbar spine (-
10%) and BMC at the latter site (approximately -16%). The former two differences 
persisted after adjustment for lifetime bone loading history and loading during 
adolescence and young adulthood. Reminiscent of the Nichols et al. study cited 
above, 60% of cyclists had osteopenia of the spine (19% in runners) and were 7.4 
times more likely to have this condition after adjusting for age, weight and bone 
loading history. Markers of bone turnover did not differ between groups nor did 
measures of a number of relevant hormones: serum testosterone (and its binding 
protein), oestrogen, DHEA, cortisol, IGF-1 and PTH all of which were within normal 
ranges. In addition, calcium intakes were not significantly different (1110 and 833 
mg/day mountain and road respectively) though the road cyclists’ intakes were lower 
than recommended daily allowances (RDA). These results suggest a need to 
maintain some form of weight-bearing exercise during aging, but given some 
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negative reports on the effects of endurance running on bone (cited previously), the 
choice of what exercise might fill this role is open to question. 
A prospective view of the effects of road cycling on the skeleton was provided by 
Barry and Kohrt (2008 ) in a small sample of amateur competitive road cyclists over 
the course of a year of training and competition. Lumbar spine and proximal femur 
BMD were determined by DXA at commencement, 4.5 months, nine months and one 
year later. The last time point representing post-season (three months postseason). 
Bone mineral density was found to actually decrease significantly at all “hip” sites 
(total hip, neck, shaft, trochanteric by ~1.0 to 1.5%) and non-significantly at the 
lumbar spine (p=0.079), a result attributed at least in part to high dermal losses of 
calcium (estimated by the authors at 136.5 mg over two hours by serum and sweat 
analyses). The fact that there were no differences between cyclists on the basis of 
calcium supplementation (half received 250mg/day, half received 1500mg/day), 
indicates that factors other than calcium loss were at play. Comparable data were 
provided by Smathers and colleagues (2009) in a cross-sectional investigation of 32 
experienced (over nine years; training 7-22 hour/week) male road cyclists and 30 
recreationally active controls matched for age and body mass (mean ages 31.9 and 
30.2 years respectively). In this case, despite both significantly higher calcium 
intakes and %lean mass, cyclists had significantly lower lumbar spine bone mass 
(anteroposterior and lateral L2-L4 by DXA) and a higher incidence of both 
osteoporosis (9% versus 3%) and osteopenia (25% versus 10%). Perusal of the 
results revealed that cyclists were also lower than controls at total hip, femoral neck 
and trochanter (3.6%, 4.8, and 1.7% respectively) though none of these differences 
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reached significance. In general, these more specific cycling studies agree with the 
results reported by (Heinonen et al., 1993) (cited in an earlier section), whose cycling 
females had the lowest average BMCs of the athletic groups measured at four of six 
sites. 
b) Swimming studies 
Swimming can probably be considered the archetype for nonweight-bearing activity 
and therefore investigations of swimmers can shed light on the role played by weight-
support and impact loading on bone. In early work, Nilsson and Westlin (1971) used 
photon absorptiometry to compare distal femoral BMD in male soccer players, 
swimmers, recreationally active men and non-active controls, finding no differences 
between them, a finding suggested by later investigators to be due in part to a lack of 
demand in soccer training as it was practiced at the time of the study (Lorentzon et 
al., 2000). Somewhat later, Orwoll et al., (1989) inferred the affects of swimming by 
gender on radial and vertebral BMD in men and women (40-85 years of age) who 
had swum regularly for at least the past three years by comparing them with non-
exercising controls. The male swimmers appeared to benefit at both sites significantly 
exceeding controls but there were no differences between female swimmers and 
controls, perhaps indicative of oestrogen status. In a frequently cited study, Block 
and colleagues (1989) used 20 nationally ranked water polo players (mean age 21.6 
years), 19 weight-trainers (24.8 years) and 20 non-exercisers (25.8 years) to 
investigate the effects of non-weight-bearing and weight-bearing exercise on bone 
mass. A combination of pQCT and DXA of the spine and hip failed to detect any 
significant differences between the three groups, though exercisers (pooled) had 
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18% and 9% greater BMD at these sites respectively than controls. These results do 
not provide strong support for the efficacy of either weight training or swimming as 
positive modulators of bone mass. In addition, water polo, although a weight-
supported activity, probably has a greater strength component than regular pool 
swimming and national calibre athletes (as studied) likely supplement their pool work 
with strength training. In another relatively early cross-sectional investigation, Risser 
and co-workers (1990) compared bone mass at the calcaneus and lumbar spine 
(photon absorptiometry) in 10 young eumenorrheic collegiate level swimmers against 
collegiate basketballers (N=9), volleyballers (N=12) and non-athletic controls (N=13). 
They were not surprised to find that the weight-supporting athletes had higher lumbar 
BMD than controls at both sites, but did not anticipate that swimmers would have the 
lowest values at the lumbar spine of all groups (p<0.005). In a similar vein, Taaffe 
and colleagues (1995) compared a small number of highly trained female collegiate 
athletes and controls (N=19) representing high-impact (16 gymnasts) and weight-
supported activity (26 swimmers) on measures of bone mass (BMD and BMAD by 
DXA). As might have been expected from the literature cited to date, gymnasts had 
higher femoral neck BMD than controls and swimmers and indeed, swimmers were 
significantly lower than controls at this site as well, differences that persisted after 
adjustments for bone area and body size. Gymnasts also exceeded swimmers for 
adjusted whole body, leg and arm BMD. Thus, swimming did not appear to confer 
any osteogenic benefits on these young athletes (19 years of age). Dook et al., 
(1997) provided information from which the skeletal effects of swimming over many 
years might be inferred in their cross-sectional study of participants in the Australian 
Master’s Games (mean age 46 years and documented sports’ participation of at least 
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20 years). They compared groups of 20 athletes and controls: swimmers and two 
weight-bearing groups (netball/basketball representing high-impact; running/hockey 
representing moderate impact). Bone mineral measures were all based upon a single 
total body scan with sub-region analyses to approximate leg and arm bone mineral. 
In general, absolute and corrected bone mass variables were significantly higher in 
the high-impact participants than all other groups and swimmers had higher 
measures than controls only for the arms. Dietary calcium was <1000 mg per day in 
all groups with very high standard deviations indicating that calcium intakes were 
probably inadequate though there were no significant correlations between calcium 
and any measure of bone mass. Emslander and co-workers (1998) return the 
discussion to the collegiate scene with another cross-sectional report on 22 
swimmers (training ≥ 10 miles per week), 21 runners (cross-country, training ≥ 40 
miles per week) and 20 controls (mean age for each group ~20 years). In addition to 
bone mineral (DXA), calcium intake, current activity, serum oestradiol, MaxVO2, and 
strength (shoulder and hip) were also measured. The authors found no differences 
between the groups for bone mass at any site (total body, lumbar spine, proximal 
femur) indicating that neither running nor swimming provided an osteogenic stimulus. 
Taaffe and Marcus (1999) also examined collegiate swimmers, but shifted the focus 
to males in a small cross-sectional investigation of 11 swimmers and 11 controls 
(mean age 19.9 and 19.1 years respectively). Their results and conclusions 
duplicated Emslander’s group (cited above), no differences were detected at any site 
for bone mass (lumbar spine, proximal femur, total body by DXA) despite in excess of 
24-hours of training per week and a swimming history spanning at least nine years. 
Using a longitudinal approach (two years) and an older cohort, Harumi et al., (2000) 
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investigated the influence of swimming on the skeletons of 74 women and 87 
controls (age range 40-60 years). Swimmers were so-classified based upon reported 
swimming between one and two hours per week for more than seven years while 
their controls did not swim or participate in any regular exercise. In contravention of 
the previous works cited, the authors found that at baseline, swimmers, regardless of 
menstrual status, had higher bone mass than controls and that those swimmers with 
the longest swimming history had the highest values. Over the two years of 
observation, both groups lost bone but interestingly, postmenopausal swimmers with 
a history of six or more years of swimming had the smallest losses. The conclusions 
drawn were that regular swimming before menopause is associated with greater 
bone mass though afterwards swimming is unable to provide maintenance but 
reduces the rate of loss. Unfortunately, only the abstract of their work was available 
in English making a closer examination of the work difficult. Tuuri et al., (2002) also 
provided some positive results for swimming and bone mass (though indirectly) in 
their study of 35 female swimmers (age range 21-73 years, mean 42.8). Their aim 
was to study the relationships between measures of bone mass and body 
composition (DXA and anthropometrics) and habitual swim distance and age. A small 
positive correlation (R2=0.2, p=0.03) between distances swum and total body BMC 
might suggest that swimming has a favourable effect on bone mass, however the 
great range of ages and relatively small sample makes such a contention tenuous. 
Another cross-sectional mixed sports investigation including a swimming group was 
carried out by a large team led by Liu (2003). They used pQCT to compare tibial 
volumetric BMD and BMC (vBMD, vBMC) and geometry, in a mixed gender sample 
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of 25 jumping athletes (long, triple and high jump, pole vault; 13 women) 30 
swimmers (15 women) and 25 controls (15 women) with ages ranging between 18 
and 23 years. They found no differences between the male athletes and their 
controls for whole and cortical vBMD, but for women athletes, swimmers’ whole 
vBMD was 13.2 and 13.8% below both controls and jumpers, while cortical vBMD for 
both female swimmers and jumpers was lower than control values (-5 and -4% 
respectively). When cortical vBMC was examined, male jumpers exceeded both 
swimmers and controls (eight and 10.2% respectively) while for their female 
counterparts, the differences versus swimmers and controls were 30.6 and 27% 
respectively. When geometric parameters were studied, (periosteal area, 
endocortical area, cortical thickness, polar moment of inertia, SSI) in general, the 
results were strongly in favour of the jumpers of both sexes, but female swimmers 
had substantially greater polar moments of inertia and SSI than controls (by 47.7% 
and 51.5% respectively). The conclusion drawn from these results was that 
geometric adaptations dominate the response of adult bone to long-term training. In 
terms of the swimmers specifically, geometric adaptations were smaller than those of 
the jumping athletes and swimmers also had lower absolute values for vBMC and 
vBMD perhaps compensated for by redistribution of bone mineral to improve bone 
strength. It should be recalled that the study focused specifically on the tibia, a bone 
unlikely to “see” much loading during swimming. Falk et al., (2004) employed 
ultrasonic techniques to investigate the swimming/bone link in 61 female swimmers 
and 71 non-athletic controls. Their subjects were non-elite “club” swimmers training 
and competing year-round with at least 1.5 years’ experience (age range 8.5 to 26.5 
years; training 1.5 to 15 years). Speed of sound measured along the radial and tibial 
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shafts increased with age in both groups with a significantly greater value in the tibia 
for the swimmers. This finding appears to fit well with the geometric findings from the 
tibiae of the swimmers in the previous study. Why the radius, which could be 
expected to experience higher relative muscle forces in swimming, did not show any 
evidence of this effect remains unknown. Perhaps pushing off the pool wall at the 
end of each of many laps provides a positive loading effect on the tibia. Maimoun et 
al., (2004), looked at bone metabolism as well as BMD (DXA) in a small number of 
nationally ranked adult male participants (mean age ~27 years; training 10.5 to 15 
hour/week; 6 to 12.5 years) in what they classified as “moderate” bone loading 
sports: 11 road cyclists, 13 swimmers,14 triathletes and 10 controls. Unadjusted 
BMD was no different between athletic groups at any site but triathletes had 
significantly higher values than controls for total proximal femur, femoral neck, and 
trochanter and lower limb (10.3, 12.5, 13.1 and 6.6% respectively). Adjusted BMD 
again indicated some advantages for the triathletes versus controls with swimmers 
and cyclists no different to controls at any site including the radius. Markers of bone 
formation and resorption suggested a higher remodeling rate in the swimmers 
without any apparent affect on bone mass. The results tend to support the notion that 
long-term swimming does not encourage bone mass adaptations since only the 
athletes incorporating impact loading (running by triathletes) had any advantages 
over controls. The lack of T-scores did not allow an assessment of the results against 
the normal population means for bone mass, important with such a small control 
group. Liang et al., (2005) employed a novel technique to investigate bone strength 
in world-class adult (~21 years) female athletes: 13 synchronized swimmers, eight 
gymnasts and 16 controls. They combined induced transmission of a mechanical 
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vibration along the tibia and radius (Mechanical Response Tissue Analyser MRTA) 
with single photon absorptiometry (SXA) of the distal forearm, producing estimates of 
ulnar and tibial bending stiffness as surrogates for bone strength. The latter 
measures in the athletes were more than twice the values found in controls. 
Gymnasts had greatest ulnar widths followed by the swimmers and controls, while 
BMD of the forearm was greatest in the gymnasts and lowest in the swimmers (lower 
than both gymnasts and controls p<0.05). These results reinforce the idea that 
geometry (arrangement of bone) rather than bone mass per se adapts to swimming, 
however, the fact that BMD of the “wrist” was not related to the stiffness measures in 
this work is puzzling given the strong relationships usually reported between bone 
density and modulus of elasticity. The fact that the swimmers were from the 
synchronized swimming discipline makes the work less comparable to swim studies 
in general since their training and mode of exercise are considerably different. 
Magkos et al., (2007) compared swimming and running exercise in 53 male athletes 
and 15 controls (17-30 years). The athletes were further classified as either 
endurance competitors (N=17) or sprinters (N=20). Areal BMD determined by DXA 
revealed that the runners (whole group) had significantly greater leg aBMD than 
controls (6.7%, p<0.05) while swimmers as a group had significantly less bone than 
controls at leg and total body (-9.8%, -7.0% respectively, p<0.05). When the 
subgroups were investigated, endurance athletes (swimmers plus runners) had 
significantly less bone at the total body than controls (-4.9%, p<0.05); sprinters and 
controls were comparable at all sites but sprinters exceeded endurance athletes at all 
sites (all p<0.05). Endurance swimmers had impressively lower aBMD than controls 
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in the legs and total body to the tune of -14 and -10.4% respectively (both p<0.05) 
while sprint runners significantly exceeded controls for legs, trunk and total body (8%, 
10%, 6.3% respectively, all p<0.05). Finally, neither sprint swimmers nor endurance 
runners differed from controls at any site. Obviously, the cross-sectional approach 
and small numbers involved limit the strength of any conclusions drawn, however 
they lend further support to the notion that swimming is not osteogenic. Dalkiranis 
and colleagues (2006) compared a somewhat larger sample of swimmers and 
controls (N=30) before and after a nine month training period using DXA of the total 
body, lumbar spine, forearm, hip and pelvis. Their swimmers were young males   (16-
20 years) who had been swimming for at least four years before the investigation and 
represented two distinct styles: swimmers (N=36) and so-called “fin-swimmers” 
(N=34) who utilize what was described as a technique emphasizing hip and pelvic 
motions. No differences were detected between any of the groups at any site at 
either time point leading the investigators to conclude that “swimming is not a bone 
building exercise”. In a relatively large cross-sectional study of 87 senior male and 
female athletes and 87 controls (all ≥ 65 years), Velez and colleagues (2008) 
attempted to compare the effects of moderate (running) and low impact exercise 
(swimming) on bone maintenance. Their sample included 44 runners (15 women), 
and 43 swimmers (18 women) and 87 controls (31 women). In comparisons between 
the groups (men and women pooled) total body BMD (adjusted for age and weight) 
was significantly higher in the runners than controls while swimmers and controls 
were comparable. Interestingly, runners exceeded swimmers for intertrochanteric 
BMD but not the controls. For the distal radius, runners had slightly higher BMD (not 
significant) than swimmers or controls and significantly higher stiffness index for the 
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calcaneus (SI, ultrasound) than either of the other groups. Heel ultrasound also 
favoured the runners with significantly higher SI than the other groups. When the 
groups were compared by gender, there were no intergroup differences at any site 
for females while male runners actually had significantly lower spine BMD than 
controls. In this study, T-scores were reported for determination of the incidence of 
osteopenia/osteoporosis which for female runners ranged from 20% at the trochanter 
to 73% at the femoral neck with osteoporosis highest at the distal radius. For female 
swimmers osteopenia ranged between 16% at the spine to 61% at the femoral neck 
with the distal radius again the most common site for osteoporosis. Thirty percent of 
female controls were osteopenic at the spine and 55% at the femoral neck, with the 
spine being the most common site for osteoporosis. There were no intergroup 
differences. For males, runners were osteopenic in 21% of cases at the spine, 52% 
at the femoral neck with an equal incidence of osteoporosis at the spine, femoral 
neck and distal radius. Osteopenic percentages were similar in male swimmers (17% 
spine, 58% femoral neck) while the distal radius was the most common site for 
osteoporosis. The figures were lower in male controls though not significantly so 
(14% spine, 48% femoral neck, osteoporosis highest at distal radius). Interestingly 
there were significantly more male controls with normal BMD at the spine than either 
of the athletic groups. Overall, the lack of differences between swimmers of both 
genders and controls, adds support to the negative side of the bone mass swimming 
debate. Derman and colleagues (2008) investigated the bone-swimming relationship 
in a small number of younger adolescent male and female swimmers (N=40; 20 
males, 10 to 17 years of age; 20 females, 10 to 16 years of age) comparing them 
against a similar number of age, gender and developmentally (breast/testicular 
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development and hand/wrist X-ray) matched controls. Swimmers had current training 
of at least two hours daily and participation of at least three years. An extensive 
battery of tests including total body DXA, calcium intake (diary and interview), and 
bone turnover markers (osteocalcin, calcium, phosphorous and alkaline 
phosphatase) revealed that only a single measure of bone (Total BMD Z-score) 
favoured swimmers which appeared only in the males. In fact, for this measure, both 
male swimmers and controls had negative values (-0.05 versus -1.26 respectively), 
suggesting that the controls may not have been a particularly representative sample. 
Their conclusion, in which they “emphasized the role of swimming in the promotion of 
skeletal health among adolescents”, therefore, is probably not justified both by the 
latter finding and the cross-sectional design. Ferry and colleagues (2011) 
investigated a similar age-group of female swimmers and soccer players (N=26 
swimmers, 32 soccer players) against 15 age-matched controls, but this time used 
Hip Structure Analysis (HAS) of the proximal femur in addition to aBMD (total body, 
femur, tibia and lumbar spine). Their swimmers had been engaged in training and 
competition for six years (10 hours per week). Analyses revealed that soccer players 
were favoured for every strength parameter extracted from the hip structure analysis 
as well as aBMD at all sites while for swimmers, the hip structure analysis suggested 
that their “hips” were weaker than those of the controls (Z-scores). 
Animal studies allow greater control of variables and more invasive procedures and 
there have been a number performed in rats that provide evidence of positive effects 
of swimming exercise on bone. However, it should be emphasized that the duration 
of exposure to an exercise regime in such studies cannot duplicate the chronic (often 
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years) of exposure “seen” in human studies. Furthermore, given the time course of 
bone adaptation in humans (e.g. six months or more for remodeling events), it is not 
certain that the responses of the rat skeleton can be directly compared with those in 
humans. However, some of this work is presented here in the interests of 
completeness. Bourrin and colleagues’ (1992) work is a case in point. They swam 
nine five-week old female rats for five weeks progressing to sessions of six hours per 
day and compared them with nine controls. Their histo-morphometric analyses 
revealed substantial bone losses: 24.7% from the secondary spongiosa of lumbar 
vertebrae (accompanied by thinning of trabeculae) and 15.2% from the primary 
spongiosa of the distal femur. They also found evidence of reduced bone turnover 
which seems somewhat paradoxical given the losses of bone. Up to six hours per 
day seems a particularly arduous program and it is not known whether a longer 
period (or indeed shorter periods) would have resulted in positive adaptations to this 
unaccustomed metabolic demand. In contradiction to these negative effects, (Hart et 
al., 2001) examined the femurs of eight ovariectomised rats and nine controls 
following a supervised 12-week (five days/per week, 60 minutes per session) 
swimming program. They used DXA, mechanical testing and histomorphometry to 
examine differences between the two groups. At the end of the trial, BMD and BMC 
of mid-diaphyseal cortical bone were significantly greater in the swimmers as were 
flexural rigidity (three-point bending) and Young’s modulus but not work to fracture, 
which was significantly less in swimmers. In terms of histomorphometry, swimmers 
had significantly higher average cortical area and minimum cortical width with no 
intergroup differences for total periosteal area, average marrow area or mean cortical 
thickness. Evidence of increased bone formation was found in swimmers on both the 
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periosteal and endocortical surfaces while there was less bone absorption at the 
same site (all significant differences versus controls), hence swimming improved 
structural and mechanical properties despite the absence of oestrogen. The authors 
considered their results to perhaps emphasize the duration of swimming exposure 
which they felt explained the differences between their results and the more common 
negative findings from human studies in which years rather than weeks are typical. 
The rats were retired breeders (12-14 months old) and hence most comparable to 
adult or elderly humans. In a shorter exercise study with a younger sample (seven 
weeks of age), Huang, et al., (2003) studied the response of bone to either eight 
weeks of swimming (N=10), running (N=9) or control conditions (N=10). Running was 
performed on a treadmill five days per week with intensity increased gradually to 
22m/minute for 60 minutes. Swimming sessions were similar in duration and 
incremented by adding weights to the animals’ tails (up to two percent of body 
weight). Body weight was measured weekly and though reduced compared with 
controls, was similar in the exercising animals. Bone mineral density (DXA) for 
proximal tibiae was significantly greater in runners versus swimmers and higher (non-
significant) for total tibial BMD and distal femoral BMD than swimmers and controls. 
Both exercise groups had higher mean femoral wet weight than controls (p<0.05) but 
no intergroup differences existed for any cross-sectional areas. In terms of 
mechanical properties, the two exercise groups had superior results for the tibia 
versus controls (increased maximal load and increased energy to ultimate load) 
although swimmers also had the lowest ultimate tibial loads. Hence, BMD was not 
altered in this short-term study but a number of positive mechanical changes appear 
to a have been induced by swimming. A similar duration program (12 weeks) was 
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examined by Warner’s group (2006) in forty 120-day old rats stratified by weight and 
randomly assigned to swim control, swim, treadmill control and treadmill groups 
(N=10 per group). Running was performed uphill on a treadmill with three percent 
increments per week, 5 days per week (60 minute per session by week seven) while 
swimming was incremented to arrive at a similar duration (60 minutes per session by 
week seven). Left and right humeri and femurs were harvested and subjected to a 
combination of tests for densitometric (pQCT, DXA), bone structure (Micro-CT 
imaging), mechanical (three-point bending) and mineral content (ash weight) studies. 
Comparisons were made between an exercise group and its respective control 
group. In this way, swimmers had greater mean humeral cortical thickness while 
marrow area and endocortical perimeter were reduced in the same bone (-13.2% and 
-6.7% respectively) while midshaft BMD for both humeri and femurs increased 
significantly in swimmers as well (~3.5%). Interestingly, there were no significant 
effects at these same sites in treadmill-trained animals and neither protocol affected 
aBMD of either limb. Percentage ash weights of both bones were significantly higher 
in the swimmers compared with their controls but significantly less than runners (-7% 
and -3.1% for femur and humerus respectively). Trabecular BV/TV in both the distal 
femoral epiphysis and proximal humeral metaphysis were affected positively by swim 
training with 12.8% and 7.7% advantages over swim controls and runners for the 
distal femur and by 60.8% and 35% for the humeral site compared with the same 
groups. In this study, no effects were evident in mechanical tests save for a 
significantly higher Young’s modulus in runners over swimmers. The authors 
suggested that their findings supported a “novelty” effect of swim training (unusual 
strain patterns and loads) and that weight-bearing might not be a critical factor for the 
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response of bone to exercise since a feature of their programs was a matching of the 
loading frequencies of the two exercise programs. 
Based upon the research summarized in both the early section of this review 
“Exercise and bone mass with participation in different sports” (Section 1.3.4.2) and 
the current one dealing more specifically with cycling and swimming, it can be 
concluded that the osteogenic credentials of swimming are dubious with the balance 
of evidence either at equilibrium (no effect) or tipped in the negative direction towards 
bone loss with few studies appearing to support a positive effect, and some of the 
latter based upon animal trials. Hence, given that the ability of the skeleton to 
respond to exercise diminishes with age after puberty, that swimming is a popular 
form of exercise among women at or beyond PBM, and that most of the research 
suggests that osteogenic exercises feature combinations of strong muscular 
contractions and/or impact loading, as opposed to endurance, it is important to 
provide further insight into the swimming/bone nexus. This is of particular importance 
for premenopausal women beyond PBM who may choose swimming as a means of 
maintaining health since it is  commonly perceived as safe and effective with few if 
any negative “side effects”. Furthermore, there has been very little investigation of 
this form of exercise in this population. Perusal of Table 1.1 highlights this lack with 
previous studies into the influence of swimming on bone mass in women often 
containing small numbers and targeting young athletes. It would also appear that 
there is a dearth of information available to provide an understanding of how 
swimming over long periods (decades) may influence bone mass since few 
swimming and bone mass studies provide such data.  
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Table 1.1 Previous studies involving the influence of swimming on bone mass 
Author and Year N Level of Participation/Age 
Risser et al.,1990 10 Eumenorrheic /Collegiate athletes 
Taaffe et al., 1995 26 College (highly trained), 20yrs 
Dook et al., 1997 20 Master’s athletes, x =46yrs 
Emslander , 1998 22 Collegiate athletes, x =20yrs 
Harumi et al., 2000 74 Recreational, 40-60yrs 
Turri et al., 2002 35 Recreational, 21-73, x =42.8yrs 
Liu et al., 2003 15 Collegiate athletes, 18-23yrs 
Falk et al., 2004 61 “Club” swimmers, 8.5-26.5yrs  
Liang et al., 2005 13 Synchronized swimmers, x =21yrs 
Velez et al., 2008 18 Master’s athletes, ≥65yrs 
Derman et al., 2008 20 Adolescents 9-16yrs (2hr swim /day, 3yrs) 
Ferry et al., 2011 26 Elite, 10 hrs/week, x =15.9yrs 
 
Therefore, the first study is unique in investigating the possible negative effects of 
swimming on bone mass in a number of ways:  
a) Targeting premenopausal women at or beyond PBM who represent an at-risk 
group given that entering menopause with lower than normal bone mass adds to the 
risk of developing osteoporosis and the literature supports positive effects for weight-
bearing not weight-supported physical activity.  Most previous work on the swimming 
 143 
bone mass connection has examined younger subjects of higher swimming ability, 
rather than “normal” women. 
b) Attempting to account for swimming participation and leisure time physical activity 
over the lifespan using a large number of categories to capture the “dose” and type of 
physical activity. There is a dearth of information available to provide an 
understanding of how swimming over long periods (decades) may influence bone 
mass in adult women since no swimming and bone mass studies provide physical 
activity data to represent the lifespan.  
For these reasons, the first study was directed at exploring bone mass in a group of 
mature-age premenopausal women who had been regular swimmers over the 
lifespan with comparative data provided by age-matched controls with little organized 
swimming experience (lifetime or current). In both groups, information on historical 
participation in swimming and other leisure-time and occupational physical activity 
was gathered to provide a means of better isolating any effects of swimming on the 
skeleton. It should be noted that this group were also targeted as a potential source 
of low bone mass subjects for Study 3 into the effects of impact exercise on adult 
premenopausal women with low bone mass for age. 
A second study was undertaken using the same subjects plus additional volunteers, 
to provide data on the determinants of bone mass by adding functional tests of 
current strength and fitness to reported historical activity in an attempt to provide 
some new insights of the effects of different forms of exercise on the skeleton at 
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different ages. Undertaking this study was considered important since the number of 
studies attempting to describe and quantify important relationships between physical 
exercise and bone over the lifespan was relatively few at the time that this project 
was commenced (seven and three over the last two decades) (Table 1.2). 
Furthermore, the variables examined and the relationships detected and their 
strengths have varied, suggesting the need for further study. In addition, some 
different means of classifying physical activity were used in the current work that had 
not been attempted previously. This combination allowed for an assessment of the 
“bone” effects of: total physical activity (as captured under the “Moderate plus” 
category) and estimated in various ways previously; “Hard” and “Very Hard” physical 
activity based upon MET values unique to this investigation; three levels of impact 
loading (unique) and weight bearing activity in general (the latter performed by earlier 
investigators).  
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Table 1.2 Previous studies concerning link between exercise and bone over lifespan 
Authors N Participants 
Kriska et al., 1988 233 Postmenopausal 
Glynn et al., 1995 523 Older men x =66.6yrs 
Greendale et al.,  1995 170 Males & Females x =73yrs 
Brahm et al., 1998 122 Males & Females 22-85yrs 
Ulrich et al., 1999 25 Premenopausal x =41yrs 
Rideout et al., 2006 78 Postmenopausal 
Daly and Bass 2006 161 Older men x =61.6yrs 
 
Finally, the use of exercise as a prophylaxis in the face of established low bone mass 
(as might be found in adult swimmers) is an important area of research with a need 
to establish an exercise prescription that is effective and feasible for people who 
have already reached PBM. The third study approached this issue by examining the 
effects of impact exercise on bone mass in women already identified with low bone 
mass for age in the first two studies, using exercisers and pair-matched controls. 
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CHAPTER 2 
METHODOLOGY 
2.1. Research Design 
Some of the following information is contained in Chapter 1 (Introduction) but is 
presented in more detail here in the interests of clarity and continuity. In summary, 
the thesis involved three linked investigations: a combined cross-sectional and 
retrospective investigation of the effects of swimming on bone mass in adult 
premenopausal swimmers; a study of the determinants of bone mass in adult 
premenopausal women and a 68-week prospective study of the efficacy of an impact 
exercise program designed to increase bone mass in subjects from the same target 
group identified with low bone mass for age. In the process of the overall recruitment 
inclusion/exclusion criteria were: 
 premenopausal status 
 gynaecological/medical conditions (e.g. hysterectomy, ovariectomy, polycystic 
ovarian disease; thyroid conditions) 
 medications known to effect bone mass (e.g. corticosteroids, thyroxine) 
 history of low trauma fracture 
 failure to complete health/medical and physical activity surveys. 
However, after subjects were excluded on the basis of gynaecological irregularities 
and menstrual status (postmenopausal), the only medication that resulted in 
exclusion was thyroxine (one subject). 
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Study 1. In the first investigation (Chapter 3: Bone Mass in Adult Premenopausal 
Swimmers), bone mass, historical physical activity and calcium intake were 
measured in 87 volunteers recruited from the local community and the membership 
of the Victorian branch of the Australian Union of Senior Swimmers International 
(AUSSI). Inclusion/exclusion criteria additional to the overall program: 
 >25 years of age 
 Swimmers – average>0.3hr /week current (year) and lifetime swimming 
 Controls – average<0.08hr/week current (year) and lifetime swimming 
Study 2. For the second study (Chapter 4: Determinants of Bone Mass in Adult 
Premenopausal Women), historical physical activity, calcium intake and functional 
measurements of strength and cardiovascular fitness were combined with measures 
of body composition and bone mass to provide insights into what factors might be 
important in determining bone mass in adult premenopausal women. Data were 
derived from 152 subjects drawn from participants in study one and from those 
women who failed to meet the criteria for entry into the latter. Nearly all (148) 
provided usable data for the estimation of bone mass, body composition, historical 
physical activity, and completed calcium frequency questionnaires while subsets also 
participated in various functional tests (maximum oxygen uptake, peak power output, 
vertical jump, isokinetic strength, isotonic strength, grip strength). No additional 
inclusion/exclusion criteria were applied. 
Study 3. Subjects for the 68-week prospective investigation into the effects of impact 
exercise on bone mass were volunteers from the first two studies who were identified 
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with below average bone mass for age (negative Z-scores of any magnitude) at the 
lumbar spine, proximal femur, ultradistal radius or a combination of these sites 
(N=107). They were randomly assigned to either an exerciser group (n=52) or a pool 
of controls (n=55) based upon the toss of a coin (conducted by the author). 
Exercisers were then assigned to either hip, spine or radius groups according to the 
site(s) of their negative Z-scores with some subjects appearing in more than one 
group due to low bone mass at more than one site (see below). Those in either the 
low hip or the low spine groups were then allocated to the same “step dropping” 
exercise program while those in the low radius group were assigned to “wall 
exercise”. Controls were subsequently pair-matched with exercisers on the bases of 
age, regional bone mass, Z-scores and BMI. It should be emphasized that the 
matching process did not involve any mathematical weighting, it was predominantly 
done through trial and error, searching for the best combination of “closeness” 
between subjects on the basis  of age, bone mass, Z-score and BMI. Age was 
matched first within each of the low bone mass groups (exercise and control). 
Comparisons of bone mass (gm/cc2) between these original pairs were then made 
and the matches changed to provide the best match for the combination of age and 
bone mass. The new (in some cases) pairs were then compared for Z-scores and 
BMI. In the case of Z-scores, the fact that the subjects had already been matched for 
bone mass and age, meant that relatively few changes were necessitated. Finally 
BMI, (providing a general matching variable for body size) was checked in each pair 
and a final pairing made. After this process, 22 low spine pairs and 20 low hip pairs 
were utilized to evaluate the step dropping program while 24 pairs with low radial 
bone mass were used in the “wall exercise” program. As previously stated, some 
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participants (exercisers and controls) had negative Z-scores at more than one of the 
targeted sites resulting in overlaps between the subjects participating in the exercise 
programs and within the pool of control subjects. To expand: data from10 controls 
were matched against more than one exerciser: two against exercisers who had both 
low forearm and low hip bone mass; four with exercisers who combined low bone 
mass at the forearm and spine; three with exercisers combining low bone mass at hip 
and spine and one with a subject who had low bone mass at all sites. In a similar 
fashion, 12 exercisers had negative Z-scores at more than one site: three for both 
forearm and hip; three for forearm and spine; four for the hip and spine and two 
subjects at all three sites. In cases where low bone mass at the hip or spine was 
paired with low bone mass at the radius, subjects were asked to perform both 
exercise regimes (eight subjects). Given the site-specificity of the bone response to 
exercise (e.g. Winters-Stone and Snow, 2006), the fact that some of the subjects 
participated in both forearm and step dropping exercise was not considered of 
concern, there being little evidence of a systemic skeletal response to this form of 
exercise. In this vein, Bassey and Ramsdale (1995, cited previously) actually 
monitored the changes in the ultradistal radius (DXA) as an indicator of any systemic 
effect of their exercise program which was directed at the lower extremity (heel 
drops) finding significant losses at this site in exercisers and controls with no 
intergroup differences. 
Inclusion/exclusion criteria additional to the overall program: 
 absence of conditions precluding exercise (e.g. back pain, arthritis, joint injury) 
In summary, there were two exercise programs, the first featured dropping with single 
foot landing from periodically increasing heights and was employed by subjects with 
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either low hip and/or low spine bone mass. The second exercise involved unilateral 
impacts delivered to each forearm by arresting falls against a vertical surface from a 
standing position targeting participants identified with low forearm bone mass.  
2.2. Subject Recruitment  
 
 
 
 
 
 
 
Figure 2.1 Subject recruitment flow chart 
Ineligible:  
a. Did not complete required health and activity survey 
n=209 
b. Gynaecological abnormalities, postmenopausal; 
inappropriate medications n=160 
Eligible n=152 
1. Assessed for eligibility (n=521): apparently healthy 
premenopausal women 
Ineligible: n=65 
a. Age <25 years n=2 
b. Too little past and current swimming (<30 min week
-1
) n= 31 
c. Too much swimming (>30 min week
-1
) n= 32 
Study 1: Swimming & Bone Mass 
Eligible: n=87 
a. Swimmers n=43 (all from AUSSI) 
b. Controls n=44 
Study 2: Determinants of Bone Mass Study 3: Bone Mass & Impact Exercise 
Ineligible: n=45 
No negative Z-scores for bone mass at target sites 
Eligible: n=107 low bone mass subjects (Z-scores at 
hip, spine or radius) 
Random assignment to exercise (n=52) or control 
(n=55) groups 
Pair matching of controls with exercisers (age, regional 
bone mass, Z-scores, BMI) with overlaps  
Assignment of exercisers to impact exercise: step 
dropping for low spine (22 pairs) and/or hip (20 pairs) 
and/or wall exercise for low radius subjects (24 pairs) 
No drop-outs 
 
Historical and current physical activity n=148 
Strength tests volunteers n=73 
Cardiovascular fitness volunteers n=66 
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Exercise compliance was based upon data recorded in exercise logs and was 
calculated by dividing the number of completed sessions by the total number of 
prescribed sessions between scans. Section 2.3.5 provides detailed descriptions of 
each of the exercise protocols. 
Adult premenopausal swimmers were recruited from the Victorian branch of AUSSI 
through approved access to the AUSSI member data base (Victorian branch). 
Community-dwelling controls were recruited through advertisements placed in the 
local press, community fitness centres and word of mouth (relatives and friends of 
swimmers and the RMIT university community). No attempt was made to place a limit 
on the physical activity of the recruits given that health and activity histories of 
participants would be assessed during the initial stages of the research. In addition, it 
was not intended to use sedentary controls. The net cast initially was relatively broad 
(apparently healthy adult women) and a total of 521 subjects volunteered to 
participate in the overall research program, including 100 swimmers from AUSSI. Of 
the total, 209 failed to satisfactorily complete a detailed health, lifestyle and activity 
survey and were excluded. Of the remaining volunteers, a further 160 reported 
gynaecological irregularities (e.g. hysterectomy, ovariectomy, polycystic ovarian 
syndrome) or were postmenopausal and hence were excluded, leaving 152 subjects 
eligible for the research program. Most (148) of these subjects underwent bone 
densitometry measurements, completed health, calcium and physical activity surveys 
and subsets underwent cardiovascular and strength testing (see Figures 2.1 and 2.3) 
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For study one (Bone Mass in Adult Premenopausal Swimmers), in order to focus on 
mature-age women at or beyond the age of attainment of peak bone mass, the 
minimum age for entry was arbitrarily set at 25 years (Bonjour et al., 1994). The 
number of participants was pared further after analysis of the swimming history 
component of a health and physical activity survey to yield a “swimming group” all 
from AUSSI volunteers, comprising 43 premenopausal women (mean age 40.5 
years) with group mean current and historical swimming of greater than two hours 
per week over the previous five years (mean 2.26 hours current, 2.04 hours over the 
last five years, 1.45 hours lifetime). 
Controls were 44 premenopausal women of similar age (43.7 years) and physical 
dimensions (height, weight, BMI, age at menarche) with no history of significant 
volumes of current or past swimming. The format and intensity of swimming 
undertaken by the swimmers was determined through interviews with swimmers, 
consulting training diaries and typical programs prescribed by coaches. Swim training 
was established thereby to consist of “interval training” with varying distances ranging 
between 1.5k and 3.5k covered in a typical session thrice weekly on average. Based 
upon information obtained from the AUSSI registration/records database it was 
ascertained that approximately half the members trained consistently all year round, 
and half of these again, trained for the “Long” (50m pool) and “Short” (25m pool) 
course championships in winter and summer respectively. The subjects qualifying for 
the current study were mainly from the group who participated in these competitions.  
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Figure 2.2 provides the format for a typical AUSSI training session: 
400m – 600m Warm up (usually freestyle at a moderate pace) 
400m – 600m  Form stroke and specific skills 
600m – 800m  
Main set of intensive swimming  (e.g. 50/100m swim with 10 
second rest intervals) 
400m – 600m Swim aids (e.g. pull buoy and or flippers) 
200 – 400m  cool down at an easy pace 
Figure 2.2: A typical AUSSI training session based on ability 
 
The main reasons for exclusion for study one in summary were: irregular/absent 
menses, age (<25 years), swimming history (too little for the swimming group or too 
much for control) and pre-existing conditions affecting bone mass. No further 
recruitment was carried out with studies two and three drawing their subjects from the 
existing pool of 152 as described above. 
2.3. Procedures 
The research was undertaken following approval from the RMIT Human Ethics 
Committee. All subjects were informed that participation was voluntary and that they 
were free to withdraw at any stage. All subjects gave written informed consent after 
receiving plain language statements describing the various investigations prior to 
participation. In order to help maintain orientation between the various techniques 
and the studies in which they were applied (Figure 2.3). 
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Study 1: Bone Mass in Adult Premenopausal Swimmers 
N=87 (43 Swimmers, 44 Controls)  
Variables and 
Tests/Data used:  
Health history and menstrual status – survey 
Historical and recent physical activity – survey 
Bone mass, fat mass, lean mass (body composition) – DXA 
Basic anthropometry – height, weight and BMI 
Calcium –  calcium frequency questionnaire 
 
Study 2: Determinants of Bone Mass in Adult Premenopausal Women 
N=152 
Variables and 
Tests/Data used:  
 
Health history and menstrual status – survey (n=148) 
Historical and recent physical activity – survey (n=148) 
Bone mass, fat mass, lean mass (body composition) – DXA 
Basic anthropometry – height, weight and BMI (n=148) 
Calcium –  calcium frequency questionnaire (n=146) 
Subsets of the total sample: 
Cardiovascular fitness – (MaxVO2 using a cycle ergometer 
and automated expired gas analysis; n=66) 
Isotonic and isokinetic strength – free and machine-based 
weights; isokinetic dynamometer; hand-grip dynamometer; 
vertical jump (n=72) 
 
Study 3: Impact Exercise and Bone Mass in Premenopausal Women 
68-week Intervention: “Step dropping” and/or Wall exercise  
N=107 individuals (pair-matched on age, low bone mass, Z-score, BMI) 
Variables and Tests/ 
Data used: 
Bone mass, fat mass, lean mass (body composition) –  
DXA pre and post exercise 
Basic anthropometry – height, weight and BMI 
Calcium –  calcium frequency questionnaire 
Figure 2.3: Outline of the research program 
 155 
A description of the measurements employed and rationale for their use follows: 
2.3.1. Bone mineral density 
Dual energy X-ray absorptiometry (DXA) was used to measure bone mineral content 
(BMC) and bone mineral density (BMD) at selected sites as well as to provide 
estimates of lean and fat mass. DXA measures the differentially attenuated 
transmission through bone and soft tissue of a dual photon energy X-ray beam (40 
and 70 KeV) calibrated against soft tissue and mineral phantoms. It has good 
precision, accuracy and image resolution and generates a very low radiation dose for 
both the subject and the operator (Mazess, 1990). Stability of the X-ray source also 
improves long-term precision (Kelly et al., 1988). 
In the DXA technique, the total body or particular region of interest is scanned and 
the resultant attenuated radiation is converted into an image by dedicated computer 
software. After analysis, the two-dimensional images provide a measure of bone 
mineral content at selected sites (total body, femur, spine, and forearm) as well as 
estimates of lean and fat mass. Bone mineral density (BMD) is calculated by dividing 
the bone mineral content (BMC) in grams by the projected area of a specific region 
i.e. areal bone density (aBMD) expressed in gm/cm2. Given its availability, reported 
precision, reliability, low radiation dose and widespread use in research and clinical 
practice, DXA was the method of choice for these investigations. A lunar DPX-IQ 
densitometer (DPX; Lunar Corporation, Madison, Wisconsin, USA) employing pencil 
beam technology with rectilinear scanning was used in all measurements of BMD, 
BMC, lean mass and fat mass. 
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At time of scanning, all subjects were lightly attired with no metal or other X-ray 
attenuating materials on their person. All scans were analysed with LUNAR imaging 
software (SmartScan, version 4.7e) and all scans were performed and analysed by 
the author, an accredited operator (School of Medical Radiation Sciences, University 
of Sydney), using the manufacturer’s recommended procedures for each site with the 
exception of the tibia. 
Bone mineral density was determined for each of the listed sites (see below) and 
specified “regions of interest” (ROI). In the case of total body scans, bone mineral 
content (BMC), fat mass and lean mass were also derived. Regions of interest    
were chosen to furnish more detailed information at common osteoporotic fracture 
sites and/or to examine sites targeted by the home-based impact exercise program 
(Study 3). The left side of the body was used for all upper and lower limb scans 
unless otherwise stated. 
Scans conducted and ROIs analysed: 
 Total body (bone, fat and lean masses). 
 Anteroposterior (AP) spine (L2-L4 vertebrae). 
 Femur (proximal femur, neck, Ward’s region and trochanteric region). In the 
current study, “proximal femur” is a value derived from several sites: neck, 
shaft and trochanteric regions (Figure 2.4). 
 Forearm (ultradistal radius). 
 Tibia (proximal, middle and distal thirds). 
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Figure 2.4: A DXA bone scan image indicating proximal femoral regions of interest 
 
A brief description of each “set-up” follows. In each instance, the effective radiation 
dose cited is based upon the same reference DPX-IQ Reference manual (1995). 
a) Total body 
The subject was positioned supine on the DXA scanning table and the lower limbs 
firmly stretched to full extension. The lower limbs were then placed in a slightly 
medially rotated position with the toes turned in and the ankles naturally plantar 
flexed. A strap was then placed around both legs to maintain this position for the 
duration of the scan. The hands were placed alongside the body, palms down, while 
the shoulders were depressed slightly to below the level of the chin. The procedure 
involved rectilinear scanning from the head to the toes in one cm intervals taking 
approximately 21 minutes. The effective radiation dose per subject has been. 
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b) AP spine 
The subject lay supine on the scanning table, and a box used to position the legs to 
produce an angle of 60 degrees of flexion at the hip. This approach is used to 
decrease the physiological lumbar lordosis, enabling the lumbar vertebrae to lie 
parallel to the scanning table and perpendicular to the X-ray beam. The scan was 
started below the level of the iliac crests and took approximately five minutes. The 
effective radiation dose per subject has been reported as 48 µSv. 
c) Femur 
The subject’s lower limbs were slanted to the left and the left limb rotated medially, 
while maintaining the pelvis in a neutral position. This positioning technique brings 
the femoral neck into a position parallel to the scanning table for perpendicular 
scanning. Time and effective dose for this measure were five minutes and 48µSv 
respectively. 
d) Forearm  
Forearm scans were performed with the subject seated and facing the detector. The 
forearm was pronated and rested flat on the scanning table with the fingers forming a 
relaxed fist and the elbow in approximately 120 degrees of flexion to allow the 
movement of the detector towards the elbow. Time and reported effective radiation 
dose were eight minutes and 2.4µSv respectively. 
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e) Tibia 
After trialling the analysis software provided for each of the standard scans, the tibia 
was examined using the AP spine software. The subject lay supine on the table with 
the leg surrounded by four rice bags (to simulate the soft tissue expected in the 
lumbar region when an AP spine scan is conducted) and scanned from ankle to 
knee. Initially “edge markers” were used to isolate the tibia then the ruler facility 
provided by the software was employed to divide the tibia into proximal, middle and 
distal thirds. The following markers were utilized: proximally, a line immediately below 
the tibial plateau (thereby excluding the endplate and the malleoli); distally, a line 
immediately above the trochlear surface (thereby excluding the endplate). The 
distance between these points was then divided into thirds. The time for the scan 
was approximately 10 minutes and the effective dose was expected to be similar to 
that for an AP spine scan (see above). 
Initial short term operator in-vivo precision for all bone measurements and 
determinations of lean and fat mass were assessed in 30 female volunteers 
undergoing duplicate measurements in an RMIT Human Ethics Committee approved 
pilot study. The coefficients of variation (CV) for each of the scans were: 
 AP spine: 2.0% 
 Femur: proximal femur 1.1%; neck 1.9%; Wards 3.4%; trochanter 2.4%. 
 Tibia: proximal third 7.4%; middle third 3.5%; distal third 5.2%. 
 Forearm (ultradistal): 3.0%  
 Total Body: BMD 1.3%; lean mass 1.1%; fat mass 3.0%  
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The investigator subsequently underwent accreditation training (School of Medical 
Radiation Sciences, The University of Sydney) and it was felt that precision was 
significantly improved prior to commencing data collection. 
Long term reliability and precision of the scanner were determined by following the 
quality assurance procedures recommended in the Certificate of Specialisation in 
Bone densitometry at The University of Sydney (School of Medical Radiation 
Sciences): 
 daily calibration using manufacturer’s soft-tissue and mineral standard and bi-
weekly scanning of the aluminium spine phantom. 
 analysis of the variability in the spine phantom scans with a requirement that 
whenever specifications were not met (Shewhart Rules), scans be repeated 
(five times) with continued failure requiring suspension of patient scanning 
followed by servicing of the unit. 
 the adapted Shewhart rules (Orwoll and Oviatt, 1991) were used as an 
evaluation of the QC data and therefore guarded against a gradual shift in the 
baseline of the system. 
 
Figure 2.5: demonstrates a typical graph depicting the system’s fluctuation during 
the current study. Over the course of the study there was no significant drift of the 
DXA machine. 
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Figure 2.5: Excerpt from the quality control plot for the duration of the study. 
 
2.3.2. Body composition 
As stated above, DXA can be used to provide estimates of fat and lean mass and the 
former have both been shown to correlate to varying degrees with bone mass in 
previous studies (e.g. Kohrt et al., 2009). In terms of the current work, determination 
of these variables allowed a means of assessing the “matching” of controls and 
swimmers in Study 1 as well as providing important data for investigating the 
determinants of bone mass in Study 2. For example, could strength measurements 
(reflective of lean mass) predict bone mass to a similar degree as lean mass? Body 
mass index (BMI) was also determined and is commonly used as an easily derived 
indicator of body composition however, DXA is often  stated to be the “gold standard” 
for measuring total and regional body composition though with some reservations 
(e.g. Tylavsky et al., 2003; 2003; Lohman and Going, 2006). 
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Lean mass and fat mass are derived from total body scans (protocol described in the 
previous section), and a brief overview of the principles involved follows: 
DXA first partitions the body into two compartments, bone and soft tissue. The soft 
tissue-attenuated X-ray beam produces two energy peaks and software then allows 
the estimation of total body and regional fat and lean tissue masses to be made 
based upon manufacturer-provided phantoms used during daily quality assurance 
procedures (Lean=soft tissue mass minus fat mass). Reported precision errors are 
generally low <2% (Mazess, 1990a; Mazess, 1990b; Hansen et al., 1993; Wellens et 
al., 1994) however, a validation was carried out in the current work by comparing the 
measured body mass (digital scales) and the sum of total soft tissue and total bone 
as calculated in grams by DXA. Prior to whole body scanning, height was measured 
using a wall-mounted stadiometer (Tanita, Japan) to the nearest 0.1 cm with the 
subject lightly clad and wearing no shoes. Weight was then determined twice using 
electronic digital scales (SECA) to the nearest 0.1 kg. The instrument was calibrated 
by measuring known weights and then regularly (monthly) checked by repeat 
measures against a calibrated balance beam. Body mass index (BMI) was 
subsequently calculated (BMI=Wt (kg)/Ht (m)2). 
2.3.3. Functional tests 
2.3.3.1. Muscle strength 
Since muscle strength has been shown to correlate positively with bone mass as 
assessed by DXA, it was considered an important measurement to make in the 
context of examining the predictors of bone mass in Study 2. In addition, there would 
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appear to be little information on the relationship between eccentric strength and 
bone mass and hence the results of such testing could provide further insight into 
training regimes for the maintenance or enhancement of bone mass. In this instance 
with the exception of grip strength, muscular strength of the left upper and lower 
limbs was measured using both an isokinetic dynamometer (to assess maximum 
concentric and eccentric strength) and free or “machine” (Universal Gym) weights. 
Grip strength was assessed using a hand dynamometer (Smedley, Tokyo). 
a) Isokinetic testing 
Maximum voluntary contractions of the quadriceps and hamstring muscle groups 
were performed on a Kin Com isokinetic muscle testing device (Isokinetic 
International Chattanooga, USA). The Kin Com was calibrated and prepared prior to 
each testing session as per manufacturer’s instructions. Whole body warm up 
preceded positioning of the subject prior to performance. Tests conducted were: 
 Reciprocal concentric knee extension/flexion 
 Reciprocal eccentric knee flexion/extension 
The “start angle” was a seated position with the knee in 90 degrees of flexion. The 
“stop angle” was 150 degrees (i.e. 300 short of full knee extension). The speed of 
testing was 300 per second for all measurements. 
The subject was seated with knees bent at the edge of the seat and the back against 
the vertical seat back. Seat position was adjusted to ensure the axis of the knee was 
at the center of the lever arm. Both thighs were strapped down and the torso 
strapped firmly to the seat back. The ankle was firmly strapped to the mobile lever 
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and the lever length recorded. After a short warm up (three reciprocal knee 
extension/flexion movements with minimal exertion), the subject was asked to relax, 
take two deep breaths, grip the seat handles, keep the back applied to the seat back 
and complete a single reciprocal knee extension/flexion movement with maximum 
effort (maximum concentric quadriceps and hamstring torque). A 60 second rest was 
allowed and then maximum eccentric testing of the same muscle groups carried out 
using the same procedure. Precision was not determined for this measurement but 
previous research indicates that precision is high when the same tester performs all 
measurements as was the case for the current investigation (Sole et al., 2007).  
b) Isotonic testing. 
A variety of “free weight” and machine-based exercises (Universal Gym) were 
selected to provide an overall assessment of strength in the major muscle groups of 
both the upper and lower extremities. The exercises chosen were: biceps curl*, 
upright row, pulley punch*, leg press, leg curl, leg extension, chest press, triceps pull 
down and latissimus pull down. (*=unilateral using the left side). 
To clarify, illustrations of each exercise have been provided in Appendix E. The 
general protocols followed for testing were as follows:  
After a warm up on a stationary bicycle and a set of stretches involving all the muscle 
groups to be tested, one repetition maximums (1RM) were determined for each of the 
listed exercises, preceded by performance of the movement with a light weight to 
ensure correct performance. In each case, the first load to be attempted was 
approximated by the researcher and the subject asked to lift that weight twice in a 
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controlled manner. If the subject succeeded, a one minute rest followed and the 
procedure repeated with increased loads (approximately 10% increments) until the 
weight that the subject could lift only once was determined. 
A countermovement vertical jump was performed to approximate lower limb strength 
and power (Nedeljkovic et al., 2009). After demonstration and familiarization, the test 
was performed three times or until no further improvements occurred and the best 
performance recorded. The technique employed is partially depicted in Appendix E 
and briefly described as a counter-movement jump proceeding from a position where 
the knees and hips are flexed and the arms hyperextended. Initially the maximum 
vertical height of one fully flexed upper extremity is established (marker one on a 
vertical post). Subjects then crouch and perform a counter movement jump with the 
outstretched hand, marking the maximum height attained by displacing a second 
marker attached to the vertical post. The distance between the two markers was then 
recorded as the vertical displacement of the body. 
Grip strength was measured in both limbs using a hand dynamometer (Smedley, 
Tokyo). The device was adjusted to the comfort of each subject and the test 
performed in a standing position, feet astride, with the hand above the head, griping 
the dynamometer tightly. The subject then extended the arm while simultaneously 
exerting maximum force against the handle of the dynamometer. After 60 seconds of 
recovery and resetting of the apparatus, three measurements were made with each 
hand and the maximum reading recorded. 
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2.3.3.2. Cardiovascular fitness 
Cardiovascular fitness has been reported to correlate to varying degrees with bone 
mass in previous work (Vico et al., 1995), hence providing another variable for the 
study of determinants of bone mass (Chapter 4). Cardiovascular fitness was 
assessed by estimating maximal oxygen uptake (MaxVO2) using an electronically 
braked cycle ergometer (Lode Excalibur Sport) and automated expired gas analysis 
apparatus (Medgraphics metabolic measurement system) using a ramp protocol. 
Briefly, each subject pedaled at an initial load equivalent to their body weight (kg) 
expressed in watts for two minutes and the load increased by 25 watts (in most 
cases) for a further 2 minutes. For more athletic individuals the increments were up to 
100 watts. This procedure was continued until the subject was unable to continue. In 
this protocol, a “plateauing” of oxygen intake is used to determine when MaxVO2 has 
been achieved. Each test took between six and 10 minutes to complete. The 
equipment was calibrated according to manufacturer’s specifications before each 
testing session. The following data were obtained from this procedure: MaxVO2 (ml 
per minute), peak power output (PPO Watts), and maximal exercising heart rate 
(beats per minute). Predicted MaxVO2 was calculated using the standardized 
Australian database incorporated in the medgraphics software, adjusted for gender, 
and age (ml O2 per minute per kg body wt.). Prior to any assessment, a 
cardiovascular risk factor questionnaire was completed to determine if it was 
appropriate and safe to complete the test. In any doubtful cases, a certificate of 
medical clearance was completed by a qualified medical practitioner. After weighing, 
familiarization and warm-up on the bicycle, the subjects hydrated, and were fitted 
with a mask covering the mouth and nose. The test was terminated when the subject 
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could no longer complete the full duration (two minutes) at any particular load. A 
cadence of between 60 and 80cpm was chosen on the basis of prior experience and 
monitored via a meter attached to the ergometer. In all cases, MaxVO2 was reached 
before the subject attained maximal work level. This phenomenon was used as the 
criterion for the attainment of MaxVO2 which was expressed in both absolute 
(ml/minute) and relative terms (ml/kg/minute) (McArdle et al., 2007). In addition 
telemetry (Polar, Finland) was used to monitor heart rate and assess attainment of 
age-predicted maximum heart rate while a respiratory exchange ratio (RER) in 
excess of 1.00 was the criterion used for assessing maximal exertion (McArdle et al., 
2007). In summary, each test required a continuous six to ten minutes of graded 
exercise to the point of volitional failure accompanied by constant support and 
motivation by the researcher. 
2.3.4. Data derived via questionnaire 
The following sections describe the various survey instruments used to gather 
information on: 
 Menstrual status 
 General Health 
 Physical activity 
 Calcium intake 
With the exception of an activity/menstrual diary used to monitor physical activity and 
menstrual data during Study 3 (impact exercise intervention: Chapter 5), the various 
questionnaires soliciting these data were all contained in a single booklet provided to 
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each participant to maintain ease of record keeping and facilitate analysis. All 
questionnaires were self-administered (Appendix C). An “update” survey based upon 
the main survey instrument was constructed to monitor the various changes during 
the course of study 3 and was contained in a separate booklet. (Appendix G) 
It was used to obtain the following information: 
 change of contact details 
 physical activity patterns in the course of the study 
 current activity over 7 days at end of the study period 
 calcium intake over the study period (calcium frequency questionnaire) 
2.3.4.1. Menstrual characteristics 
To confirm premenstrual status, details of the previous twelve-month menstrual 
history were obtained via a written questionnaire at the commencement of the study. 
The same instrument was used to determine the reproductive history of subjects. 
Clarification and confirmation of any issues were dealt with by the investigator by 
telephone when necessary and always at the time of the bone densitometry testing 
sessions. Subjects provided the following information: 
 age at menarche 
 use of oral contraceptive pill (OCP) 
 frequency of menses in the preceding 12 months 
 menopausal status 
 number of pregnancies, miscarriages, and number of child births 
 occurrence of changes typical of menopausal onset 
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Subjects were classed as premenopausal if they reported more than nine normal 
menses over the previous 12 months and were currently free of any postmenopausal 
symptoms. Postmenopausal status was assumed if no menses were reported in the 
previous twelve months (in the absence of other reproductive factors that halt 
menstruation e.g. hysterectomy, oestrogen therapy). 
To obtain menstrual information during the 68-week impact exercise study (Study 3), 
exercisers were asked to record menstrual data in an exercise diary (Appendix F) 
and in addition, were questioned upon return for post-exercise densitometry 
session(s) to clarify any issues. In this instance the following information was elicited: 
 number of menses over the study period 
 any changes to contraceptive pill use 
 any menopausal symptoms 
 any medical or surgical interventions that could affect the menstrual cycle 
For controls, this information was obtained retrospectively using a slight modification 
of the questionnaire described at the beginning of this section. 
2.3.4.2. Health 
Medical history was assessed by completion of a questionnaire that solicited 
information on general health, medication use, specific illnesses (emphasis on 
gynecological issues) and surgical procedures. One section elicited information on 
previous fractures including any produced by low trauma as well as family history of 
osteoporosis. From the results of these surveys, subjects were excluded on the basis 
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of conditions or use of medications known to affect bone with the exception of OCP 
which was ubiquitous (~85% of respondents). 
2.3.4.3. Historical physical activity 
To establish historical physical activity levels and patterns for the first study relating 
to the effects of swimming on bone mass, the Historical Leisure Activity 
Questionnaire (HLAQ) originally designed by Kriska and colleagues (1988) was 
employed and modified for self-administration. Subjects were asked to complete a 
table listing 44 physical activities (including sport, occupation, domestic and leisure 
activities). The list of leisure activities was expanded to take into account the 
Australian context with Lawn bowling, Squash, Netball and Hockey added. Subjects 
were asked to indicate if they had ever performed a listed activity and if so, for how 
many years, at what ages, whether they currently performed the activity, and finally, 
on average, the number of weeks/days and duration (hours) of participation. 
Participants were also asked to add activities to those listed whenever they 
considered them appropriate with a particular emphasis on reporting any strength-
based activities like weight training (“gym exercises”). Prior to use, each subject was 
briefed by the researcher on the use of the survey and examples provided.  All 
subjects were asked to contact the researcher (telephone/email) to clarify any issues 
and whenever completed surveys were submitted in person, the subject was 
interviewed to “pick up” missing information (e.g. unpaid occupational/domestic 
activity) and/or answer any questions. The data were then compiled, classified and 
recorded by decade under the following headings: 
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 Weight-Bearing (activities during which the weight is supported on the feet) or 
non-weight-bearing (activities performed in a weight supporting environment 
like cycling, swimming  and other water activities) 
 Upper Body activity (activities primarily engaging the upper limbs) or Lower 
Body activity (activities primarily engaging the lower limbs) 
 Impact activities - divided into Low, Medium and High involving walking, 
running and jumping activities respectively.  
 Moderate, Hard and Very Hard Activity i.e. activities that have been shown to 
elicit the following cardiovascular demands in metabolic equivalents (METS): 3 
to 4.9; 5 to 6.9; 7+ respectively. 
The MET values were based upon two sources “Foodworks” (Xyris Software 
Australia, Pty Ltd) and the Compendium of Physical Activities (Ainsworth et al., 1993; 
Ainsworth et al., 2002). In general, “Moderate” activities are marked by modest 
increases in heart rate and breathing while “Hard” activities include those that are not 
normally sustainable by the untrained without frequent rest periods. Finally, “Very 
Hard” activities require a work/rest ratio of 1:1 for the untrained and include 
strenuous sports and hard physical labor. These original intensity categories were 
subsequently “collapsed” to create the categories: “Moderate Plus” (all activity >3 
METS) and “Hard Plus” (>5 METS) leaving “Very Hard” (>7 METS) activity as a 
stand-alone category, an approach taken to better portray the overall duration and 
intensity of activity performed. 
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2.3.4.4. Current and recent physical activity.  
Each subject was asked to record their physical activity for the previous week with 
the following information solicited: hours of sleep each day and the amounts of 
“Moderate”, “Hard” and “Very Hard” activity (see above) performed in hours per day 
to the nearest 15-30 minutes. The recording device provided written descriptions of 
the intensity categories along with an extensive list of examples of activities 
appropriate to each. The questionnaire was based upon previously validated and 
widely used tools (Paffenbarger et al., 1978; Kriska et al., 1988). To determine how 
representative the data were of current activity patterns, subjects were also asked to 
indicate whether the activity performed for the recorded week was “more”, “less” or 
“about the same” as that performed on a weekly basis over the previous three 
months. 
To provide an estimation of exercise intensity, the MET values for individual activities 
reported, were estimated based upon those provided in the Compendium of Physical 
Activities (Ainsworth et al., 1993; Ainsworth et al., 2002) and used to calculate 
“exercising METS” per hour, e.g. 30 minutes at five METS=2.5 exercising METS. 
Where no MET rating for a particular activity could be found, the best match was 
chosen. In addition to the 7-day record just described, “recent” physical activity was 
approximated by extracting physical activity history for the last two and five years 
from the historical physical activity records described above (Section 2.3.4.3). Finally, 
given the focus on swimming in the first study, a specific “swimming history” section 
was added to the booklet which elicited: age of learning to swim, weeks per year, 
days per week and hours per day swum over the lifespan. The data were 
subsequently organized by decade (starting 0-9 years). Swimming hours were also 
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extracted from the historical physical activity records for the past five, three, two and 
one year periods to provide a better estimation of the most recent swimming 
exposure. 
2.3.4.5. Calcium intake 
Calcium is generally thought to play an important part in the maintenance of skeletal 
integrity and the accrual of new bone, with some evidence that it acts synergistically 
with exercise in promoting bone deposition in both the growing and adult skeleton 
(Rowlands et al., 2004; Dionyssiotis et al., 2010). Recommended daily intake (RDI) 
varies with age, gender, pregnancy and lactation as reflected by differing RDIs 
though it would appear that calcium acts as a “threshold” nutrient with no additional 
skeletal benefits accruing at daily intakes exceeding 1,500 milligrams (Recker, 1993). 
For these reasons, it was considered important to approximate calcium intakes in the 
current investigation. This was approached retrospectively through completion of a 
12-month calcium frequency questionnaire (CFQ) based upon the validated CFQ 
used by Nowson et al. (1995) and previously validated in older women by Angus and 
Eisman (1988). The CFQ contained 22 food items for which subjects were asked to 
specify the number of serves per day or per week or per month that each consumed. 
A standard serving size was specified for each food item. Information from the CFQ 
was analyzed using “Foodworks 2005” (Xyris Software, Brisbane, Australia) which 
uses the Nuttab Australia database (Commonwealth Department of Health and 
Community Services, Canberra, Australia). Calcium frequency questionnaires were 
completed at baseline for studies one and two and completed at baseline and at the 
completion of the impact-exercise intervention (Study 3). 
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2.3.5. Impact exercise program 
Chapter five presents the findings from the third study in which a number of subjects 
identified as having low bone mass (hip, spine or radius) in studies one and two, took 
part in an impact exercise program designed to improve bone mass at these sites. 
The inclusion criterion was the detection of a negative Z-score of any magnitude at 
the lumbar spine, proximal femur, ultradistal radius or a combination of these sites.  
The techniques utilized in designing each exercise program are described below. 
a) Hip and Spine protocol 
The impact exercise program targeting both the hip and the spine was devised 
following pilot studies of two and one-foot landings from increasing heights onto an 
in-ground forceplate (Kistler type Z4852/c). The aim was to prescribe a simple 
program engendering peak vertical ground reaction forces (GRFs) of approximately 
five times body weight (BW) at a high strain rate (Nikander et al., 2009). The 
forceplate was calibrated according to manufacturer’s specifications and a sampling 
frequency of 1000Hz used for all trials. A frame with an adjustable step and height 
increments of 5 cm was constructed and used as a platform for bilateral (two-foot) 
and unilateral (one-foot) drops from increasing heights up to 65 cm starting at 8.5 cm 
(Figure 2.6). Eight staff members from RMIT University’s Department of Anatomy and 
Physiology volunteered to participate and after familiarization, performed six drops 
from each step height. Each subject first stood on the forceplate and body mass 
determined and recorded for subsequent use in expressing peak vertical GRFs in 
terms of percent body weight (%BW). 
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Figure 2.6: Left foot lead, bilateral (two-foot) landing 
 
For bilateral drops, subjects were instructed to extend either the left or right foot 
beyond the step without raising or lowering it beyond the horizontal level of the step 
before “takeoff” (Figure 2.6).They were asked to try to bring the feet together during 
the drop and to land with both feet simultaneously with as little “cushioning” as they 
could tolerate. Unilateral landings utilized the same protocol with six landings 
performed from each height (three left-foot landings and three right-foot landings). 
Peak vertical GRFs (Newtons, N) and time to reach peak vertical force (TTPVF, 
milliseconds) were measured for each trial and the results averaged for each subject 
for each level. Figure 2.7 provides sample traces of the output produced. 
Adjustable step 
Frame with pin 
holes for 
adjusting step 
height 
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Figure 2.7: Typical trace from bilateral landings (upper); expanded view of one landing (lower). 
Fz=vertical force; TTPF=time to peak Y-axis=force in Newtons 
On the basis of the pilot study and previous research, a single foot landing strategy 
was adopted rather than two-foot landings for the current study for several reasons: 
single foot landings were perceived more likely to provide unaccustomed loading to 
the hip and spine; loads transmitted through a single limb should be higher at the hip 
even though the peak ground reaction forces might be lower; relatively low step 
heights were needed to deliver peak vertical GRFs shown in previous research to be 
osteogenic (approaching five BW, Nikander et al., 2009); most previous studies using 
jumping and/or landing exercises to promote increases in bone mass have utilized 
two-foot landings adding to the uniqueness of the current work. Frames for the step 
dropping program were duly constructed for the Hip and Spine exercise programs 
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with somewhat different heights and step increments compared with those used in 
the pilot study (Table 2.1). 
Table 2.1: Step heights used in pilot study and exercise program 
Step Level Pilot Study Steps (cm) Exercise Steps (cm) 
1 8.5 18.5 
2 13.5 28.5 
3 18.5 36 
4 23.5 43.5 
5 28.5 48.5 
6 33.5 53.5 
7 38.5 58.5 
8 43.5 55 
9 48.5 63.5 
10 53.5 _ 
11 58.5 _ 
12 63.5 _ 
 
The changes in step height and increments from the pilot study were made to 
accommodate the progressive nature of the exercise program with a higher starting 
height, followed by a 10 cm increment to attain a height close to that at which a load 
of 4BW was first attained. Five cm increments were re-instituted from level five 
onwards (see Results, Chapter 5). All exercisers were trained in the correct 
performance of the relevant exercises and those in hip or spine group were given a 
set of adjustable steps. 
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b) Forearm protocol 
Peak GRFs and TTPVF were assessed using the same device (forceplate) and 
seven different staff volunteers for a dropping exercise which involved arresting falls 
onto the forceplate from a kneeling position with two hands (sampling frequency 
1000 Hz), Figure 2.8. Once again, subjects were “weighed” by standing on the 
forceplate and the values used to express loads in terms of %BW. 
 
 
Figure 2.8 Arresting a fall from a kneeling position 
 
There was considerable variation in the results and in the ability of the subjects to 
comfortably perform these exercises (Study 3) which led to the adoption of a 
unilateral exercise in which subjects arrested a “fall” from a vertical standing position 
against a wall (Figure 2.9). Right and left upper extremities were used alternately in 
an attempt to provide greater impact forces for the targeted limb than would be likely 
from a fall onto both hands. Subjects were instructed to contact the wall with the palm 
(heel of the hand) avoiding initial finger contact with elbows maintained in extension 
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as far as possible. This strategy was adopted to reduce eccentric braking and better 
direct impact forces through the radius. A consistent individual starting point for the 
fall was established by having subjects touch the wall with the finger-tips of both 
hands with fully extended elbows and shoulders in 90 degrees of flexion. The feet 
were kept together and the body vertical. From this point, each subject placed the 
toes of one foot against the heel of the other then stepped back until the feet were 
together in the new position. This was taken as the starting position for the “fall” and 
represented a distance approximately equal to the length of each subject’s forearm. 
From this position, subjects flexed either the left or right shoulder to horizontal, 
extended the elbow fully and initiated the fall by shifting their centre of gravity forward 
at the ankles. They were asked to avoid trunk flexion during the fall. Since the 
forceplate was not portable, peak forces associated with these exercises could not 
be determined at the time but were obviously lower than those produced by falls from 
the kneeling position trialed initially given the greater angular velocity and distances 
that the latter entailed. During the exercise period, the university decommissioned the 
original forceplate (building refurbishments) and it was not re-sited, however a 
portable Kistler multi-component forceplate (Type 9286A) was subsequently 
purchased and this was used for all subsequent testing. 
c) Ongoing monitoring 
Because of the variability in peak vertical GRFs and TTPVF found within subjects 
and between step-heights during the “design phase” of the Hip and Spine protocol, 
10 subjects had their programs assessed after approximately six months to monitor 
“in field” performance. The subjects performed six landings (on each foot) from each 
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level up to the maximum that they could tolerate (equivalent to the highest level 
reached in their program), and peak vertical GRFs and TTPVF assessed using the 
portable forceplate. 
 
Figure 2.9: Unilateral wall impact exercise 
 
The forearm exercises were examined “post hoc” using a small number of volunteers 
(five staff members, mean age 45 years) who fell against the portable forceplate 
mounted firmly against an internal brick wall and “zeroed” while in place (Figure 2.9). 
The exercise protocol was explained and practiced by each subject and then six 
consecutive trials for each forearm recorded with a sampling rate of 1000 Hz. Each 
subject was weighed on a calibrated electronic scale (Wedderburn) and the value 
used to express peak impact force (PIF) in terms of %BW. Values for the six trials on 
each forearm for each subject were averaged to provide data on PIF and time to 
peak force (TTPF) for right and left sides. Typical traces obtained from the Bioware 
software are presented in Figures 2.10a and b. 
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Figure 2.10a: Graphs generated from six consecutive “falls”. Fz=peak impact force 
 
Figure 2.10b: Expanded view of one trace indicating peak impact force (Fz); TTPIF=time to peak impact 
force 
 
d) Exercise prescription 
The results of the pilot studies were used to inform the design of progressively 
increasing impact exercise programs for “low bone mass subjects” identified during 
Studies1 (Swim Study) and 2 (Determinants Study) who were subsequently assigned 
to either exercise or control groups (Section 2.2). All exercisers received 
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demonstrations, verbal explanations, written instructions and practice and those 
engaged in the Hip and Spine programs were given a set of adjustable steps. All 
subjects received a chart divided into blocks of eight weeks (68 weeks in total) in 
which to record details of each exercise session undertaken (Figure 2.11). The chart 
prescribed the number of sessions (sets) and number of exercises (reps) to be 
performed for each week (up to four sessions per week). For the hip and spine 
protocol, the height of drops (step number) used in each session was recorded with 
the first two levels set at 13.5 and 28.5 cm respectively. Subjects attempted to move 
up one level after each eight week block but with discretion to remain at any given 
level until “comfortable”. For the Forearm protocol, the same exercise prescription 
was used (sets and repetitions). For both programs, the aim was to gradually 
increase loading to deliver 80 impacts per session (40 for each foot or forearm) 
during each of four sessions (days) by the end of the first 16 weeks (i.e. subjects to 
have reached level two, 36 cm). This progression was based upon general 
progressive resistance strength training principles (e.g. Nelson, 2002) while the 
number of impacts (40) was based upon the early pioneering work of Lanyon and 
Rubin, (1984) who found that 36 cycles of a rapidly rising load applied to rodent 
bones was sufficient to maximize the osteogenic response. Because of the brevity of 
the sessions (less than 10 minutes), there was no requirement to alternate exercising 
days. In figure 2.11 rectangles show that this subject performed three of the 
prescribed sessions in week 36 (for the Hip and Spine regimes) dropping from level 
three with a total of 80 impacts on each of those occasions. In addition, participants 
were asked to use the log to record any injuries that they sustained (whether due to 
the impact program or not) and to report any such instances to the author by 
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telephone. Injury occurrence was also monitored retrospectively by interview when a 
subject attended for post-exercise DXA scanning.  
Though all subjects were asked to maintain their normal activity patterns over the 
course of the investigation, they (controls and exercisers) were also asked to 
maintain an activity diary in the same format as used previously (Studies 1 and 2) for 
recording “Current” physical activity (Appendix F – Activity Log). In addition, both 
prior to (“baseline”) and at the end of the exercise period (during post exercise DXA 
scans), all subjects completed a retrospective activity survey based upon the 
instrument used to gather historical physical activity data in Study 2 (Appendix G – 
Update Booklet). Thus an indication of the physical activity performed in the year 
prior to (baseline) and during the impact exercise program was available to 
complement the information provided by the activity diaries cited above.  
 
 184 
 
Figure 2.11: Sample exercise log showing hip and spine and forearm programs 
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In the case of Hip and Spine program, exercisers were asked to use an uncarpeted 
floor and exercise in bare feet but to record both the surface and type of footwear, if 
worn. All subjects chose to wear gym shoes and the surface onto which they dropped 
was wooden in all but two cases where the floor was carpet over a concrete slab. 
Forearm exercises were conducted against a “solid” internal or brick outer wall with a 
floor marker used to indicate the starting position. All subjects were asked to maintain 
their normal exercise patterns (apart from the impact program itself) and as a 
“check”, were asked to complete an exercise log in which menstrual data were also 
recorded (Appendix F). Due to scheduling logistics, subjects were asked to continue 
exercising until the post exercise DXA scan was conducted. Compliance with the 
impact exercise program was determined from the records (exercise logs) by dividing 
the number of completed sessions by the total number of prescribed sessions. 
2.4 Testing Schedule 
All testing was carried out using facilities on the Bundoora West campus of RMIT 
University. Bone densitometry and functional measurements of strength and 
cardiovascular fitness were combined wherever possible and generally completed 
over three sessions, normally within a 4-week period: 
 Session 1: Total Body DXA + MaxVO2  
 Session 2: Hip and AP Spine DXA + Strength tests 
 Session 3: Forearm DXA + Grip strength 
Those subjects, who did not perform functional tests (n=82, MaxVO2; n=76, strength 
and power) in relation to Study 2 (Determinants of Bone Mass), were scanned and 
interviewed generally over two sessions. Health and physical activity surveys (single 
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booklet) were completed between sessions and either returned during a testing 
session or by mail. 
2.5 Statistical Analysis 
2.5.1 Bone mass in adult premenopausal swimmers (Study 1) 
A combination of multiple (MANOVA) and univariate analyses was used to compare 
swimmers and controls for basic physical characteristics, bone mass, historical and 
current physical activity. Since age was found to be significantly greater in controls, it 
was used as a covariate in all comparisons. On a statistician’s advice, each 
MANOVA was performed with a limited number of related variables as a means of 
reducing the incidence of type I errors and also to obviate the need to introduce more 
stringent alpha testing (e.g. Bonferroni adjustments). For example three separate 
analyses were used to compare the swimmers and controls on bone mass while for 
strength variables, upper and lower body measures were analysed separately. To 
better assess any influence of swim training on bone mass, swimmers were divided 
into quartiles for current and recent history of swim participation (past five years) and 
the highest and lowest quartiles compared using MANOVA with the exception of the 
radial site which was analysed using a univariate approach. Only the upper and lower 
quartiles were analysed to provide insight into the two “extremes” of swim 
participation within the cohort. In addition, instances of low bone mass and 
osteoporosis were tabulated for members of both groups and submitted to Chi-
squared analysis to determine the significance of any differences between them. 
Incidence of low bone mass/Osteoporosis was based upon Z and T-scores derived 
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from the Lunar data base provided with the bone densitometer. The data included at 
the time of writing were stated by Lunar to be within one percent of the NHANES1 
values. Significance was set at p<0.05 for all comparisons. 
2.5.2 Determinants of bone mass in adult premenopausal women 
(Study 2) 
Hierarchical multiple regression analysis using age, weight, BMI, lean mass and 
percent fat mass as covariates was used to determine independent predictors of 
bone mass at each site among the measures of historical physical activity and  
functional measures of strength and fitness. The covariates were chosen on the 
basis of previous reports as well as the results of regression analysis (age as 
covariate) in the current work that provided evidence that these variables explain a 
relatively high proportion of the variance in bone mass at most sites. Separate 
analyses were applied to the historical physical activity, functional measures 
(strength and cardiovascular fitness) and anthropometric/body composition variables. 
In the case of the functional measures, the data for isokinetic strength, isotonic 
strength, grip strength and MaxVO2 were analyzed separately. Significance was set 
at p<0.05 in all cases. Step-wise linear regression was not used due to the nonlinear 
relationships between many of the variables revealed by scatter plots. 
                                            
1 National Health and Nutrition Examination Survey 
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2.5.3 Impact exercise and bone mass in adult premenopausal women 
(Study 3) 
Simple unpaired t-tests were used to compare the exercise and control pairs pre-
exercise to test the effectiveness of the matching process. Changes at the end of the 
experimental period for all variables (with the exception of calcium intake) were 
assessed using paired t-tests for within group changes and MANOVA with repeated 
measures with age entered as a covariate to test for differences between the groups 
at the end of the exercise intervention. In the case of calcium intake, unpaired t-tests 
were also used to analyze the changes between the groups at the end of the 
intervention. The appropriateness of the sample sizes were not determined a priori, 
but were assumed to be acceptable based upon the numbers reported in the 
literature for similar studies (Table 2.2). Changes in Z- and T-scores in addition to 
absolute bone mass (gm/cc2) were assessed to provide an idea of the clinical 
relevance of any changes. For example, finding a significant improvement in bone 
mass at a site does not in itself provide any notion of the extent to which subjects’ 
have reduced their fracture risk nor the magnitude of any change against a large 
sample of similarly aged women (as provided by DXA data bases).  
All analyses were conducted using PASW 18 (formerly SPSS) and p<0.05 was used 
as the criterion for significance for all comparisons. 
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Table 2.2 Sample sizes reported in similar studies 
Authors N Subjects Year 
Dalsky 35 post menopause 1988 
Bassey & Ramsdale 27 pre menopause 1994 
Kohrt 39 post menopause  1997 
Bassey et al. 132 pre and post menopause 1998 
Heinonen 105 perimenopause 1998 
Adami et al. 250 post menopause 1999 
Malddalozzo & Snow 54 men and women (~55years) 2000 
Han et al. 157   post menopause 2002 
Kemler 100 post menopause 2002 
Papaioannou et al. 74 post menopause 2003 
Englund 48 post menopause 2005 
Vainionpää et al. 120 pre menopause 2005 
Korpelainen  160 post menopause 2006 
Kato et al. 36 college-age women 2006 
Karinkanta 149 post menopause 2007 
Bergström et al.  92 post menopause 2008 
Babatunde et al. meta-
analysis based upon 6 RCTs 
255 (mean 66) pre menopause 2012 
RCT= Random Controlled Trial 
Each chapter is presented in the following format: 
 a brief introduction citing some of the related literature 
 a brief overview of the methods employed (including subject description) 
 results 
 discussion of results 
 summary of the main findings 
 conclusions and any recommendations that might be suggested from the 
findings 
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Because of this approach, and to avoid unnecessary redundancy, a separate chapter 
summarizing the overall research is not presented. 
2.5.4 Strengths and weaknesses of the various methods employed 
a) Measurements of BMD by DXA:  
Strengths 
 Commonly employed and accepted as an accurate measurement of bone 
mass (which correlates strongly with bone strength) in clinical and basic 
research  
 Large age/weight/gender/race-based databases available to facilitate 
comparisons 
 Highly reliable with low radiation dose 
Weaknesses 
 Measures areal, not volumetric bone density 
 No indication of geometric changes in bone 
 No measurements of bone turnover markers 
b) Muscular strength measured by a combination of isokinetic device, free weights 
and hand-held dynamometer 
Strengths 
 Isokinetic devices provide good repeatability are easy to use and are widely 
used for research 
 Free weights provide more “functional” approximations of strength 
 Handgrip dynamometer easy to use and provides good repeatability 
Weaknesses 
 Time required to learn to perform free weight tests correctly may reduce 
reliability 
c) Cardiovascular fitness measured by cycle ergometry and expired gas analysis 
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Strengths 
 The accepted gold standard for laboratory-based measurement of 
cardiovascular fitness 
 General subject familiarity with cycle pedaling  
 Objective 
Weaknesses 
 Requires laboratory attendance 
 Use of mask and other paraphernalia unfamiliar and require “acclimatization” 
d) Menstrual function measured by questionnaire  
Strengths 
 Ease of administration/feasible 
 Low cost 
 Accurate for recall over a 12-month period 
Weaknesses 
 Subjective 
 Based upon recall  
 No direct measurement of ovarian function (estrogen levels) 
e) General health based upon questionnaire 
Strengths 
 Ease of administration 
 Commonly employed to obtain this form of information 
Weaknesses 
 Subjective based upon accuracy of recall 
f) Impact exercise program design and implementation 
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Strengths 
 Use of a forceplate to estimate the loads and time to peak vertical forces 
engendered by the exercise programs 
 Provision of adjustable steps to allow accurate heights and progressively 
increased loading  
 Provision of an exercise log to record exercise bouts and to prescribe and 
record the progression of each program 
 Monitoring of a sample of the exercisers at the half-way point of the program 
 Unique use of unilateral style exercise 
 Use of pair-matching between controls and exercisers 
 Use of home-based exercise reduces the time needed for travel and 
supervisory staff. Provides a more realistic evaluation of the how such 
exercise might work in the “real world” 
Weaknesses 
 Relatively small numbers in each group 
 Home-based exercise may reduce compliance 
g) Physical activity determined for current, recent and lifetime by survey 
Strengths 
 No other way to collect this data 
 Based upon previously validated instruments and therefore data is comparable 
with previous research 
 Use of a simple recording system facilitates subject compliance 
Weaknesses 
 Subjective and particularly “vulnerable” to under or overestimation for the 
earliest time periods investigated 
h) Calcium intake measured by calcium frequency recall 
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Strengths 
 Use of a validated tool which has proven reliability 
 Simple for participants to complete therefore improved compliance 
 Commonly used in previous research 
Weaknesses 
 Depends upon subject recall 
 Does not account for subjects’ ability to absorb calcium (bioavailability) 
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CHAPTER 3 
BONE MASS IN ADULT PREMENOPAUSAL SWIMMERS 
3.1. Introduction 
It is currently thought that only exercise regimes that feature weight supporting 
(particularly high-impact) and/or strength-based activities, have a positive affect on 
bone mass (e.g. Kohrt et al., 2009). Furthermore, it would appear that adults (as 
opposed to children), are most likely to experience bone “sparing” and/or modest 
increases rather than large improvements in bone mass, even through participation 
in appropriately designed exercise programs (Engelke and Gluer, 2006; Kerr et al., 
2001). Given these factors, coupled with the susceptibility of women to relatively 
rapid bone loss after menopause, it is important that skeletal mass be maximized 
before this event. Swimming is a popular activity among adult women in Australia 
and the evidence thus far educed for its osteogenic benefits is equivocal at best. 
Indeed, the balance would appear to rest either at equilibrium i.e. bone maintenance 
(Emslander et al., 1998; Harumi et al., 2000; Maimoun et al., 2004) or perhaps tipped 
in the negative direction towards bone loss (Liu et al., 2003; Magkos et al., 2007; 
Magkos et al., 2007), with few human studies adding weight for a positive affect 
(Tuuri et al., 2002). Therefore, it was hypothesized that a long history of participation 
in organized swim training, representing a weight-supported, low impact activity, 
would produce negative effects on bone mass in adult women at or beyond the age 
of attainment of peak bone mass and leave them at greater risk of osteoporosis later 
on. Hence, the first study was carried out to test this proposition by comparing adult 
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female swimmers and controls on measures of bone mass, calcium intake, historical, 
recent and current physical activity participation. 
3.2 Methods 
3.2.1 Subjects 
Eighty seven premenopausal women provided data for this study, 43 current 
swimmers from AUSSI (mean age 40.4 years) and 44 controls (43.8 years) with no 
significant past or current history of swim participation. Details of the recruitment 
process and allocation to swimmer and control groups have been described in 
Chapter 2. 
3.2.2. Procedures 
Chapter 2 provides detailed descriptions of all of the methods employed, however a 
brief outline is provided below. 
3.2.2.1 Assessment of physical activity, health/menstrual status and calcium intake 
Since the focus of the current work was on the effects of swimming on bone mass, it 
was necessary to gather data on all forms of exercise exposure in order to isolate 
any that might be attributable to swimming. To this end, lifetime, recent and current 
physical activity, in addition to swimming participation, were approximated using self-
administered questionnaires. 
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a) Historical physical activity 
Lifetime physical activity data (including swimming for all participants) were organized 
by decade; 0-9 years; 10-19 years; 20-29 years; 30-39 years; 40-49 (Kriska et al., 
1988; Kriska and Caspersen, 1997) and initially categorized as: Moderate (3-4.9 
METS); Hard (5-6.9 METS) and Very Hard (>7 METS) (Ainsworth et al., 1993; 
Ainsworth et al., 2000). Data under these headings were subsequently collapsed to 
form the derived categories: Moderate Plus (sum of all categories); Hard Plus (sum of 
Hard and Very Hard hours) while Very Hard activity was also retained as a stand-
alone variable. Given the proposed importance of weight-bearing and impact activity 
to bone mass, data were also categorized as Weight-Bearing (activities in which the 
weight is supported on the feet); Medium Plus Impact (running and jumping activities) 
and High Impact (activities particularly featuring landing after jumping) with Upper 
Body and Lower Body categories included to indicate how exercise loads were 
distributed. This approach was taken to give a better indication of the overall volume, 
type and associated intensity of activity experienced. 
b) Recent physical activity 
Recent physical activity data were derived for the previous five and two year periods 
by extraction from the historical physical activity records and tabulated under the 
same headings. This was done for several reasons: to allow any osteogenic effects 
of more recent physical activity to be teased out from those produced by earlier time 
periods; to provide a better appreciation of the consistency of historical physical 
activity; to supplement information on “current” physical activity (below). 
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c) Current physical activity 
Current physical activity was gauged by completion of a seven-day activity record 
which solicited hours of exercise for the previous week, once again, under the 
headings Moderate, Hard and Very Hard and data subsequently collated under the 
categories Moderate Plus, Hard Plus and Very Hard as described above. As an 
additional guide to intensity, “exercising METS” were calculated for the individual 
activities reported (METS for “Moderate” activities or greater divided by hours of 
participation in that activity). To assess how representative the record was of their 
customary physical activity, all subjects were asked to indicate whether it was “less” 
(1), “about the same” (2) or “more” (3) than that carried out over the previous three 
months. Pearson correlations were subsequently used to compare the seven-day 
records with physical activity over the past two years to provide another means of 
assessing the consistency of current and more recent physical activity. 
d) Swimming 
The type of swim training engaged in by the AUSSI swimmers for the past five years 
was determined by consulting training diaries provided by swimmers and through 
interviews with swimmers and AUSSI coaches and was established to consist 
predominantly of interval training over distances ranging between 1.5k and 3.5k 
covered in a typical session thrice weekly on average. Swimming history for all 
participants was captured specifically through a questionnaire eliciting age of learning 
to swim, weeks per year, days per week and hours per day swum over the lifespan. 
From the records, average weekly hours swum over the lifespan (decades), past five 
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years, past three years, past two years and last year were calculated to characterize 
lifelong and recent swimming volumes and to ensure that swimmers and controls 
were clearly divergent for swimming participation. In addition, the data were used as 
another means of assessing the impact of swimming on bone mass through a 
“within” subjects’ analysis of bone mass by quartile of swimming participation over 
the various timeframes for the swimmers. 
All other historical activity data have been analysed and presented in Chapter 4 
where the results of the study of the determinants of bone mass are reported. 
e) Health and menstrual status 
Given the importance of oestrogen to bone mass and the focus of the current work 
on premenopausal women at or beyond the age of peak bone mass (PBM), each 
subject completed a detailed health and lifestyle questionnaire, which elicited 
relevant gynaecological and medical/surgical information. Premenopausal status was 
based upon reported menstrual history of nine or more normal periods in the 
previous year and absence of any current signs of menopause. 
f) Calcium Intake 
Calcium intake was determined for the previous 12-months through administration of 
a Calcium Frequency Questionnaire (CFQ) and reported in both absolute terms (mg), 
and as a percent of RDI (recommended daily intake). 
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3.2.2.2  Bone, body composition and functional measurements 
a) Bone 
Areal BMD and/or BMC were determined by DXA for the total body, lumbar spine 
(L2-L4), femur (proximal, neck, Wards, trochanteric region) ultradistal radius and tibia 
(proximal middle and distal thirds). Body composition (fat and lean mass) was 
determined from total body scans. For the tibial sites, a smaller number of subjects in 
each group completed this measurement (32 swimmers and 20 controls) however; 
the physical characteristics of each group were similar to those of the total group 
(data not shown). 
b) Body composition and anthropometry 
At the same time as DXA scans were conducted, height and weight were recorded 
and subsequently used in the calculation of BMI. Weight for each individual was 
compared with the sum of total bone, lean and fat mass determined by DXA as an 
additional check on the validity of the X-ray measurements. 
c) Cardiovascular fitness 
Subsets of swimmers and controls (22 and 20 respectively) completed tests for 
cardiovascular fitness including, maximum oxygen uptake (MaxVO2) and peak power 
output (PPO) which formed a part of study two (Chapter 4) but are partially reported 
here to indicate any positive effects of swimming on these variables. To this end, 
basic physical characteristics and cardiovascular fitness were compared for the 
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subsets and correlations between recent swimming history (last five years) and the 
latter calculated for the swimmers. 
3.2.3 Statistical analysis 
All analyses were carried out using PASW version 18 for Windows. A series of 
Multivariate (MANOVA) and/or univariate analyses were used to compare the 
swimmers and controls for differences on basic anthropometric variables, body 
composition, physical activity (current and historical), calcium intake, functional 
measurements and most importantly, on bone mass at each site with age entered as 
a covariate (controls significantly older). Gender and weight-adjusted Z and T-scores 
were also tabulated to indicate the proportion of subjects in each group displaying 
low bone mass or osteoporosis (based upon the LUNAR database) and intergroup 
comparisons made using Chi-squared statistics. In addition, swimmers were  divided 
into quartiles  for swimming involvement (mean hours/week) for  the periods: lifetime, 
last five years, last three years, last two years and last year and the upper and lower 
quartiles compared for all bone mass variables also by MANOVA or univariate 
analysis (radius only). Finally, bivariate (Pearson) correlations were calculated to 
compare current physical activity (previous week) with that reported for the last two 
years. All results are expressed as means and standard deviations unless otherwise 
stated and statistical significance was set at p<0.05 for all comparisons. 
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3.3 Results 
3.3.1 Physical characteristics and calcium intake 
Table 3.1 presents basic physical, anthropometric and relevant gynaecological 
characteristics of the two groups along with calcium intake and the results of the 
comparison between DXA and scale-derived body mass. The data reveal that the 
groups were well matched in terms of their physiognomy and there was excellent 
agreement for body mass determined by DXA and electronic scales with a mean 
difference of 667 g (DXA lighter) which could logically be attributed mainly to clothing. 
The correlation between the two estimates was r =0.99. Calcium intake was low on 
average in both groups, with swimmers achieving 83% and controls 66% of the RDI 
for this nutrient with considerable variability revealed by the large standard 
deviations. The only significant difference detected was for age, with controls 
significantly older than swimmers (p<0.05). As a result, age was used as a covariate 
in all subsequent comparisons. 
  
 202 
Table 3.1 Physical, gynaecological characteristics and calcium intake of 
premenopausal swimmers and controls 
Variable Swimmers Controls 
 Mean (SD) Mean (SD) 
Age (years) 40.4 (7.9) 43.8 (7.3)* 
Menarche Age (years) 13.6 (1.5) 13.5 (1.9) 
Height (meters) 1.640 (0.069) 1.650 (0.061) 
Weight  (kg) 67.2 (13.3) 65.6 (14.2) 
Total Fat Mass (kg) 
% fat 
21.4(10.8) 
30.6 
21.2 (11.6) 
30.9 
Total Lean Mass (kg) 
% lean 
42.5 (4.8) 
65.3 
41.1 (5.1) 
65.0 
BMI 24.7(4.4) 24.0 (4.9) 
Calcium (mg/day) 
%RDI 
855 (553) 
83 
691 (430) 
66 
Current Oral Contraceptive Pill Use  
How Many years of use? 
n=39 (90%)  
7.9 (8.1) 
n=40 (90%)  
8.3 (7.0) 
Pregnancies 2.2 (1.8) 1.8 (1.7) 
Body Mass by DXA and Scales  
 
Range (kg):         0.346 to -1.505 
Mean Difference (kg) :      -0.677 
Correlation (r):                    0.99 
              Significant difference bold; *p<0.05 
 
3.3.2 Lifespan, recent and current physical activity 
a) Swimming History 
Table 3.2 provides a summary of current and past swimming participation for 
swimmers only since one of the inclusion criteria for controls was the absence of any 
systematic participation in swimming for any period. For example, Lifetime mean 
swimming for the control subjects was 0.08 + 0.02 hours/week (data not shown), while 
swimmers had been averaging over two hours of swimming per week for the past five 
years and 1.45 hours over the lifespan.  
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Table 3.2:  Mean current and lifetime history of swimming in premenopausal women 
classified as swimmers 
 
Time Period 
(years) 
N 
 
Swimmers  
(hours/week) 
Last Year 43 2.26 (1.81) 
Last 2 Years 43 2.28 (1.79) 
Last 3 Years 43 2.17 (1.74) 
Last 5 Years 43 2.04 (1.58) 
0 – 9 Years 43 0.34 (0.45) 
10 – 19 Years 43 2.22 (2.4) 
20 – 29 Years 39 1.22 (1.76) 
30 – 39 Years 28 1.35 (1.27) 
40 – 49 Years 8 1.85 (2.33) 
Lifetime 43 1.45 (1.18) 
 
Mean “peak” participation was reached over the last two years at slightly over two 
and a quarter hours, a load approximating that reported during their second decade 
(2.22 hours). Lifespan swimming participation was approximately 64% of peak 
participation. The age range of the volunteers necessarily led to a disparity in the 
numbers reporting for the last two decades (30-39; 40-49). 
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Table 3.3: Mean hours of current physical activity reported for the previous week 
 
Physical Activity Category Swimmers Controls 
 Mean (SD) hours Mean (SD) hours 
Moderate Plus 2.13**  (1.60)   1.13  (1.22) 
Hard Plus 0.61**  (0.51) 0.27  (0.55) 
Very Hard (includes swimming) 0.47**  (0.43)   0.09  (0.20) 
Exercising METS (day) 12.8***  (7.4)    5.7    (6.7) 
Comparison with last three months: 
1=Less; 2=About the same; 3=More 
2.02 1.86 
     Significance bold; **p<0.01; ***p<0.001 
 
b) Current, recent and lifetime physical activity 
Comparisons between the groups for current, recent and historical physical activity 
have been presented in Tables 3.3 to 3.5 It should be noted that swimming per se 
was not excluded from these approximations given that the objective was to 
approximate all leisure time physical activity and given that certain of the activity 
categories would naturally eliminate it (e.g. “weight bearing”).  
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Table 3.4: Recent physical activity for all categories of physical activity 
 
Activity Variable Swimmers Controls  
Hours/week Mean (SD) Mean (SD) p value 
Weight-Bearing 
Last 5 years 
Last 2 years 
 
4.0 (2.8) 
4.0 (2.9) 
 
3.3 (2.7) 
3.4 (2.8) 
 
0.247 
0.343 
Medium Plus Impact  
Last 5 years 
Last 2 years 
 
0.29 (0.29) 
0.30 (0.34) 
 
0.30 (0.65) 
0.31 (0.68) 
 
0.931 
0.919 
High Impact Activity 
Last 5 years 
Last 2 years 
 
0.07 (0.16) 
0.05 (0.14) 
 
0.06 (0.30) 
0.05 (0.30) 
 
0.818 
0.896 
Lower Body 
Last 5 years 
Last 2 years 
 
4.40 (2.79) 
4.35 (2.88) 
 
3.40 (2.70) 
3.41 (2.81) 
 
0.085 
0.128 
Upper Body  
Last 5 years 
Last 2 years 
 
1.84 (1.33) 
1.84 (1.33) 
1.03 (1.24) 
1.04 (1.26) 
 
0.005  
0.005  
Moderate  Plus  
Last 5 years 
Last 2 years 
 
2.13 (1.32) 
2.13 (1.34) 
 
1.37 (1.40) 
1.39 (1.44) 
 
0.010 
0.016 
Hard Plus  
Last 5 years 
Last 2 years 
 
0.57 (0.44) 
0.57 (0.40) 
 
0.24 (0.58) 
0.25 (0.59) 
 
0.003  
0.004  
Very Hard  
Last 5 years 
Last 2 years 
 
0.48 (0.40) 
0.49 (0.41) 
 
0.07 (0.19) 
0.07 (0.19) 
 
0.000  
0.000  
              Significant differences between groups are indicated in bold 
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Table 3.5: Mean historical physical activity by decade under all categories 
(hours/week) 
Historical Activity Variable  Swimmers  Controls 
Decades N Mean (SD) N Mean (SD) 
10-19 
Weight-Bearing 
Medium Plus Impact 
High Impact  
Upper Body 
Lower Body 
Moderate Plus 
Hard Plus 
Very Hard 
42  
2.52 (2.91) 
0.33 (0.05) 
0.07 (1.25) 
1.12 (0.13)* 
2.87 (2.90) 
1.53 (1.62)* 
0.62 (0.59)** 
0.50 (0.56)*** 
44  
2.02 (2.18) 
0.20 (0.34) 
0.06 (0.18) 
0.50 (1.03) 
2.06 (2.17) 
0.77 (1.16) 
0.20 (0.33) 
0.08 (0.14) 
20-29 
Weight-Bearing 
Medium Plus Impact 
High Impact  
Upper Body 
Lower Body 
Moderate Plus 
Hard Plus 
Very Hard 
39  
4.15 (3.56) 
0.37 (0.58) 
0.09 (0.19) 
1.65 (1.72) 
4.46 (3.61) 
2.11 (2.04) 
0.57 (0.65) 
0.38 (0.44)** 
42  
3.15 (3.03) 
0.31 (0.66) 
0.12 (0.40) 
1.13 (1.69) 
3.16 (3.02) 
1.38 (1.77) 
0.33 (0.64) 
0.09 (0.21) 
30-39 
Weight-Bearing 
Medium Plus Impact 
High Impact  
Upper Body 
Lower Body 
Moderate Plus 
Hard Plus 
Very Hard 
28  
4.17 (3.90) 
0.52 (1.27) 
0.11 (0.29) 
1.68 (1.88) 
4.47 (3.90) 
2.23 (2.41) 
0.74 (1.33)* 
0.42 (0.50)*** 
36  
3.41 (3.06) 
0.25 (0.59) 
0.03 (0.06) 
1.30 (1.73) 
3.45 (3.04) 
1.59 (1.73) 
0.15 (0.35) 
0.06 (0.19) 
40-49 
Weight-Bearing 
Medium Plus Impact 
High Impact  
Upper Body 
Lower Body 
Moderate Plus 
Hard Plus 
Very Hard 
8  
2.62 (1.46) 
0.12 (0.15) 
0.01 (0.10) 
1.40 (0.89) 
3.13 (1.35) 
1.44 (0.74) 
0.50 (0.26) 
0.47 (0.26)** 
17  
3.46 (2.04) 
0.21 (0.44) 
0.02 (0.30) 
1.50 (1.64)* 
3.48 (2.06) 
1.76 (1.73) 
0.20 (0.44) 
0.08 (0.24) 
      Significant differences between groups are indicated in bold; *p<0.05; *p<0.01; ***p<0.001 
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Current physical activity (Table 3.3) reported by the two groups differed significantly, 
with swimmers reporting considerably greater levels in all categories (Moderate Plus, 
Hard Plus  and Very Hard all p<0.01) and as a result their activity expressed in 
exercising METS per day was more than double the value calculated for controls 
(p<0.001). A degree of consistency between the current activity reports (seven-day 
record) and those representing the last two years was demonstrated by similar 
findings for Moderate Plus, Hard Plus, Very Hard and Upper Body Activity which 
were all significantly greater in swimmers (0.016>p<0.0001). Correlations between 
current activity (seven-day record) and recent physical activity (last two years) for 
these categories are shown in Table 3.6 The strength of the relationship between 
current and recent physical activity as portrayed by the Moderate Plus category, was 
good for both groups and of similar strength (r =0.69, 0.63 for swimmers and controls 
respectively, both p<0.001). The results were divergent for the other two categories. 
Current Hard Plus activity was a strong predictor for the same category of activity 
over the previous two years in controls, (r =0.71, p<0.01) but not so for swimmers     
(r =0.30, p>0.05). The situation was partly reversed for Very Hard activity with 
swimmers recording a significant but weaker positive correlation (r =0.35, p<0.05) 
compared with no relationship for this variable for the controls (r =0.06). 
When recent physical activity (last two and last five years) was considered (Table 
3.4), Weight-Bearing activity was no different between the groups for either period 
and a similar result was found for each of the “impact” activity categories and for the 
incidence of Lower Body activity (p>0.05 for all comparisons). The mean responses 
to the questions asking subjects to compare their current weeks’ activity with that of 
the previous three months (Table 3.3) were 2.02 and 1.86 for swimmers and controls 
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respectively, suggesting that both groups considered the week to be a fair 
representation of the prior three months of activity. 
Table 3.6: Correlations between previous week’s activity and those reported for the 
past two years 
 Swimmers Controls 
Moderate Plus 0.69** 0.63**  
Hard Plus 0.30 0.71**  
Very Hard 0.35* 0.06 
       Significant correlations bold *p<0.05; **p<0.01 
 
Lifetime physical activity (Table 3.5) mirrored the more recent physical activity 
patterns of the last five and two years with the same lack of differences between 
swimmers and controls for any weight-bearing or impact category for any decade of 
reporting (p>0.05 for all comparisons). For the earliest decade (10-19 years), 
swimmers were again more active than controls reporting significantly more time 
spent in Moderate Plus, Hard Plus and Very Hard activity as well as performing more 
Upper Body work. By the third decade (20-29 years) the number of significant 
differences between swimmers and controls was reduced to a single variable with 
swimmers only exceeding controls for Very Hard activity. This trend continued for the 
final two decades with swimmers significantly more active than controls only for Hard 
Plus and Very Hard activity (30-39 years) and Very Hard activity (40-49 years). The 
latter findings notwithstanding, it is worth noting that swimmers exceeded controls in 
absolute terms in all but one category (High Impact, 20-29) over the first three 
decades but were less active than controls in six categories in the last decade though 
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the latter observation was based upon the smallest numbers (eight swimmers and 17 
controls). 
To confirm the speculation that swimming hours could account for the differences 
between the groups for recent and historical physical activity, analyses were 
repeated with the relevant swimming hours removed. Tables 3.7 and 3.8 reveal that 
the only comparisons that remained significant after this adjustment were for Hard 
Plus and Very Hard activity in the 10-19 decade.  
 
Table 3.7 Recent physical activity for all categories of physical activity (swimming 
hours removed) 
 
 
Historical Activity 
Variable 
Swimmers Controls   
Hours/week Mean  Mean  p value p value adj 
Weight Bearing 
Last 5 years 
Last 2 years 
 
4.0 (2.8) 
4.0 (2.9) 
 
3.3 (2.7) 
3.4 (2.8) 
 
0.247 
0.343 
 
Medium Plus Impact Activity 
Last 5 years 
Last 2 years 
 
0.29 (0.29) 
0.30 (0.34) 
 
0.30 (0.65) 
0.31 (0.68) 
 
0.931 
0.919 
 
High Impact Activity 
Last 5 years 
Last 2 years 
 
0.07 (0.16) 
0.05 (0.14) 
 
0.06 (0.30) 
0.05 (0.30) 
 
0.818 
0.896 
 
Lower Body Activity 
Last 5 years 
Last 2 years 
 
4.40 (2.79) 
4.35 (2.88) 
 
3.40 (2.70) 
3.41 (2.81) 
 
0.085 
0.128 
 
 
 
Upper Body Activity 
Last 5 years 
Last 2 years 
 
1.84 (1.33) 
1.84 (1.33) 
1.03 (1.24) 
1.04 (1.26) 
 
0.005** 
0.005** 
 
0.170 
0.082 
Moderate Plus Activity 
Last 5 years 
Last 2 years 
 
2.13 (1.32) 
2.13 (1.34) 
 
1.37 (1.40) 
1.39 (1.44) 
 
0.010* 
0.016* 
 
0.132 
0.080 
Hard Plus Activity 
Last 5 years 
Last 2 years 
 
0.57 (0.44) 
0.57 (0.40) 
 
0.24 (0.58) 
0.25 (0.59) 
 
0.003** 
0.004** 
 
0.770 
0.617 
Very Hard Activity 
Last 5 years 
Last 2 years 
 
0.48 (0.40) 
0.49 (0.41) 
 
0.07 (0.19) 
0.07 (0.19) 
 
0.000*** 
0.000*** 
 
0.259 
0.237 
p value adj = significance after analysis with swimming hours for the periods removed 
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Table 3.8 Mean historical physical activity by decade under all categories (hours per 
week) with swimming hours removed 
 
 
                  *p<0.05; ** p<0.001; ***p<0.0001 
                       p value adj = significance after analysis with swimming hours for the periods removed 
 
Historical Activity 
Variable 
 Swimmers  Controls  
Decades N Mean  N Mean  p value 
adj 
10-19 
Weight bearing 
Medium Plus Impact 
High Impact  
Upper Body 
Lower Body 
Moderate Plus 
Hard Plus 
Very hard 
43  
2.52 (2.91) 
0.33 (0.047) 
0.07 (1.25) 
1.12 (0.13) *  
2.87 (2.90) 
1.53 (1.62) * 
0.62 (0.59) ** 
0.50 (0.56) *** 
44  
2.02 (2.18) 
0.20 (0.34) 
0.06 (0.18) 
0.50 (1.03) 
2.06 (2.17) 
0.77 (1.16) 
0.20 (0.33) 
0.08 (0.14) 
 
 
 
 
0.168 
 
0.132 
0.014* 
0.007*** 
20-29 
Weight bearing 
Medium Plus Impact 
High Impact  
Upper Body 
Lower Body 
Moderate Plus 
Hard Plus 
Very hard 
39  
4.15 (3.56) 
0.37 (0.58) 
0.09 (0.19) 
1.65 (1.72) 
4.46 (3.61) 
2.11 (2.04) 
0.57 (0.65) 
0.38 (0.44) ** 
42  
3.15 (3.03) 
0.31 (0.66) 
0.12 (0.40) 
1.13 (1.69) 
3.16 (3.02) 
1.38 (1.77) 
0.33 (0.64) 
0.09 (0.21) 
 
 
 
 
 
 
 
 
0.234 
30-39 
Weight bearing 
Medium Plus Impact 
High Impact  
Upper Body 
Lower Body 
Moderate Plus 
Hard Plus 
Very hard 
28  
4.17 (3.9) 
0.52 (1.27) 
0.11 (0.29) 
1.68 (1.88) 
4.47 (3.90) 
2.23 (2.41) 
0.74 (1.33) * 
0.42 (0.50) *** 
36  
3.41 (3.06) 
0.25 (0.59) 
0.03 (0.06) 
1.30 (1.73) 
3.45 (3.04) 
1.59 (1.73) 
0.15 (0.35) 
0.06 (0.19) 
 
 
 
 
 
 
 
0.507 
0.280 
40-49 
Weight bearing 
Medium Plus Impact 
High Impact  
Upper Body 
Lower Body 
Moderate Plus 
Hard Plus 
Very hard 
8  
2.62 (1.46) 
0.12 (0.15) 
0.01 (0.1) 
1.40 (0.89) * 
3.13 (1.35) 
1.44 (0.74) 
0.50 (0.26) 
0.47 (0.26) ** 
17  
3.46 (2.04) 
0.21 (0.44) 
0.02 (0.30) 
1.50 (1.64) 
3.48 (2.06) 
1.76 (1.73) 
0.20 (0.44) 
0.08 (0.24) 
 
 
 
 
0.930 
 
 
 
0.588 
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c) Cardiovascular fitness 
Table 3.9 presents the results of comparisons between subsets of swimmers and 
controls for basic physical characteristics and cardiovascular fitness. To allow an 
estimation of how well the subsets represented the total pool of subjects, basic 
physical characteristics of the latter have also been included. Swimmers were leaner 
than controls and demonstrated significantly higher values for measures of 
cardiovascular fitness (MaxVO2 and PPO, p<0.05 and 0.01 respectively). When 
associations were sought between swimming history and cardiovascular fitness for 
the swimming subset, several significant positive relationships were detected    
(Table 3.10) Peak power output was significantly correlated with weekly hours of 
swimming in the 10-19 and 20-29 decades (r =0.48 and 0.47 respectively, both 
p<0.05) and strongly with swimming participation over the last five years (r =0.74, 
p<0.01). Maximum oxygen uptake (MaxVO2) as would be expected, mirrored the 
findings for PPO yielding significant correlations for the same periods (0.51, 0.60 and 
0.57 with p<0.05, 0.01, 0.01 respectively). The subset of swimmers were broadly 
representative of the entire swimming cohort based upon their physical 
characteristics (Table 3.9) and swimming participation with six, eight, four and four 
members representing the first through fourth quartiles for swimming hours 
respectively over the past five years. 
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Table 3.9: Physical characteristics and cardiovascular fitness in subsets of swimmers 
and controls 
Variable Swimmers  Control   
 N=22 All N=20 All p value 
Age (year) 39.32 (7.5) 40.4 42.96  (8.5) 43.8 0.158 
Height (m)  1.65  (0.06) 1.64  1.64  (0.05) 1.65 0.611 
Weight (kg) 62.4  (9.26) 67.2 60.3   (8.85) 65.6 0.475 
Fat mass (kg) 17.45  (8.13) 21.4 18.22  (7.54) 21.2 0.761 
Lean mass (kg) 41.57 (4.06) 42.5 38.96  (3.17) 41.1 0.030 
BMI 22.8  (2.9) 24.7 22.3   (3.1) 24 0.633 
Calcium (mg/day) 807.9 (597.8) 855 575.9 (314.9) 691 0.139 
MaxVO2 (ml/kg/minute) 34.9  (9.6)  29.3   (7.2)  0.045  
Peak power output (watts) 192.1 (46.4)  136.4 (33.5)  0.000  
     Significant differences in bold; p values are for the comparisons between the subsets 
 
Table 3.10: Correlations between current and historical swimming participation and 
measures of cardiovascular fitness in a subset of swimmers 
 10-19 years 20-29 years Last 5 years 
Peak power output 0.48* 0.47* 0.74** 
MaxVO2 0.51* 0.60** 0.57** 
      *p<0.05; **p<0.01 
 
d) Bone measurements 
Table 3.11 provides a summary of the age-adjusted results derived from DXA 
measurements for all skeletal sites for both groups with their respective levels of 
significance. In addition, T and Z-scores for those sites for which such information 
was available are also presented. 
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Table 3.11: Mean bone mass with T and Z-scores for six sites for swimmers and 
controls 
Variable Swimmers Controls  
BMD (g/cm2) N N p value 
Total Body BMD 
T-score 
Z-score 
40 1.227 (0.08) 
1.26 
1.24 
40 1.208 (0.08) 
1.08 
1.18 
0.275 
AP Lumbar Spine  
T-score 
Z-score 
39 1.290 (0.15) 
0.71 
0.74 
40 1.266 (0.17) 
0.71 
0.73 
0.410 
UD Radius BMD  
T-score 
Z-score 
40 0.366 (0.05) 
-0.28 
-0.27 
40 0.344 (0.04) 
-0.88 
-0.87 
0.062 
Femur neck  
T-score  
Z-score 
 
Femur Wards  
T-score 
Z-score 
 
Femur Trochanter  
T-score 
Z-score 
 
Femur Total Proximal 
T-score 
Z-score 
41 1.038 (0.15) 
0.48 
0.62 
 
0.941 (0.18) 
0.23 
0.54 
 
0.882 (0.14) 
0.84 
0.81 
 
1.068 (0.16)  
0.51 
0.58 
41 0.999 (0.15)  
0.16 
0.43 
 
0.889 (0.18) 
-0.16 
0.31 
 
0.851 (0.16) 
0.55 
0.59 
 
1.025 (0.17) 
0.24 
0.40 
0.258 
 
 
 
0.258 
 
 
 
0.248 
 
 
 
0.233 
 
 
Tibia Proximal 
 
Tibia Middle (shaft) 
 
Tibia Distal 
32 1.066 (0.16) 
 
1.739 (0.21) 
 
1.031 (0.23) 
20 1.069 (0.22) 
 
1.731 (0.25) 
 
0.981 (0.19) 
0.677 
 
0.933 
 
0.759 
 AP=anteroposterior; UD=ultradistal 
 
Swimmers exceeded controls at all sites except for the proximal tibia but only at the 
ultradistal radius did the difference approach significance (p=0.062, controls lower), 
however, both groups recorded negative T and Z-scores for this site. On the other 
hand, both groups were, on average, more than one standard deviation above the 
mean young adult value (T-score) for the total body (swimmers 1.26, controls 1.08 ) 
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and were also in “positive territory” at the lumbar spine (both groups 0.71), femoral 
neck (0.48, 0.16), trochanter (0.84, 0.55) and proximal femur (0.51, 0.24). At the 
mainly trabecular Wards site, swimmers were slightly above average at T=0.23 
compared with controls who were just below average (T=-0.16). All individual results 
were subsequently examined to reveal instances of osteoporosis and or low bone 
mass based upon T-scores <-2.5 and <-1.0 for any site respectively. Table 3.12 
presents the results of this examination including the sites and ranges of the T-
scores and the significance of any differences. It should be noted that the figures 
include subjects with multiple low bone mass sites. 
Table 3.12: Incidence of osteoporosis and/or low bone mass in swimmers and 
controls at all sites based upon T-scores < -2.5 and < -1.0 respectively 
Bone Site Swimmers Controls Chi-square 
 N T-Score range N T-Score range p value 
AP Spine 3 -1.33 to -1.97 4 -1.71 to -2.39 0.143 
Proximal Femur 4 -1.01 to -1.29 7 -1.34 to -2.32 0.365 
Femur Wards 10 -1.10 to -1.50 11(2) -1.10 to  -2.80 0.826 
Femur Trochanter 1 -1.00    6 -1.50 to -2.10  0.058 
Femur Neck 3 -1.13 to  -1.26 7 -1.41 to -2.03 0.205 
UD Radius 13 (2) -1.04 to  -2.92 20 (1) -1.16 to -3.16  0.223 
Total Body 0  1 -1.35  
Total cases of low bone mass 34  56  0.020*  
Significant difference bold; figures under “N”=number of subjects with low bone mass (T<-1.0); figures in 
parentheses=number of subjects with osteoporosis (T<-2.5) at that site. AP=anteroposterior; 
UD=ultradistal 
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For the control group, osteoporosis was detected in two subjects, one at two sites 
(Wards and the ultradistal radius) the other at Wards alone. Both of these individuals 
also demonstrated low bone mass at multiple sites. Of the remaining members of the 
group, 20 individuals (46%) had low bone mass, six at two or more sites and the 
others at a single site, predominantly the radius. Osteoporosis was detected in two 
swimmers but only at the ultradistal radius and in only one of them was it 
accompanied by low bone mass at another site (Wards). Of the remaining swimmers, 
15 (36%) had low bone mass, eight at two or more sites and the remainder at a 
single site, once again, the radius was the most common site for the occurrence of 
low bone mass. The incidence of low bone mass did not vary between swimmers and 
controls at any individual site (p>0.05), however, the overall incidence of low bone 
mass was significantly lower in swimmers (p=0.02). Because of the correlation that 
could be expected between the various bone mass values measured in subregions of 
the proximal femur (Ward’s, Trochanter, Neck and Proximal Femur), the comparison 
of total incidences of low bone mass/osteoporosis was repeated using just the 
proximal femur, lumbar spine, total body and ultradistal radius. The result was similar, 
indicative of significantly fewer instances in swimmers (p=0.03 data, not shown). 
Within swimmers analysis 
The mean hours of participation for each swimming quartile for each period are 
presented in Table 3.13 while Table 3.14 summarizes the results of the “within group” 
comparisons between upper and lower swimming quartiles for five periods (lifetime, 
previous five, three, two and one year) for each of the bone mass measures. 
Addressing Table 3.13 first, there was considerable variation in mean swimming 
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hours between quartiles for each period with the lowest values for all quartiles, as 
would be expected, found for the lifetime period (0.46 to 3.12 hour/week). For the 
more recent swimming periods (previous 1-5 years), the means for each quartile 
were relatively consistent, all exceeding 40 minutes, one, two and four hours 
respectively. However, the differences between the means for the upper and lower 
quartiles for each period, ranged between 2.66 and 4.26 hours/week, clearly 
demonstrating a large disparity in swimming exposure within the group and indicating 
that an examination of these subgroups was warranted. 
Table 3.13: Mean swimming hours per quartile per time period 
Period 
Quartile 1 
(hours/week) 
Quartile 2 
(hours/week) 
Quartile 3 
(hours/week) 
Quartile 4 
(hours/week) 
Difference 
4th - 1st Quartile 
Lifetime 0.46 (0.65) 0.86 (1.05) 1.35 (1.78) 3.12 (5.39) 2.66 
5 Years 0.53 (0.83) 1.11 (1.77) 2.18 (2.90) 4.33 (5.8) 3.8 
3 Years 0.45 (0.70) 1.45 (1.81) 2.43 (3.15) 4.58 (7.36) 4.13 
2 Years 0.40 (0.68) 1.53 (1.92) 2.57 (3.40) 4.80 (6.75) 4.4 
1 Year 0.41 (0.70) 1.33 (1.88) 2.46 (3.49) 4.67 (7.21) 4.26 
Figures in parentheses=quartile values e.g. mean of lifetime quartile=0.46 hour and the 25th percentile 
(quartile 1)=0.65 hour) 
 
As revealed in Table 3.14, despite substantial differences in swimming participation 
between quartiles, no significant differences were detected for bone mass at any site 
for any period (p>0.05 for all comparisons). The only comparisons that approached 
significance were for Wards for the five, three and two year periods (p<0.067 for all - 
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lower quartile lower). Indeed, there was a trend for higher bone mass for members of 
the upper quartile at most sites (higher readings on 39 of 50 measurements). 
Table 3.14: Analysis of bone mass by quartile of swimming participation recent and 
lifetime 
Period Q Swim Spine Femur Tibia Rad T Body 
  hrs/wk gm/cm2  gm/cm2    gm/cm2  gm/cm2 gm/cm2 
  mean  Neck Wards Troch Prox Prox Distal Middle   
Lifetime 1 0.7 1.272 1.017 0.912 0.864 1.049 1.063 .930 1.747 0.374 1.229 
4 5.4 1.331 1.127 1.047 0.937 1.131 1.098 .924 1.733 0.370 1.242 
 p value   0.398 0.147 0.178 0.337 0.318 0.666 0.931 0.859 0.902 0.740 
5 Yrs 1 0.8 1.244 0.978 0.853 0.820 1.010 1.090 1.168 1.669 0.344 1.205 
4 5.8 1.323 1.089 1.019 0.911 1.099 1.020 0.988 1.669 0.365 1.233 
 p value   0.227 0.112 0.065 0.227 0.286 0.163 0.301 0.998 0.329 0.519 
3 Yrs 1 0.7 1.275 1.001 0.880 0.830 1.017 1.021 1.201 1.596 0.352 1.211 
4 7.4 1.294 1.095 1.037 0.914 1.096 1.026 1.003 1.719 0.371 1.232 
 p value   0.745 0.139 0.067 0.560 0.691 0.337 0.287 0.212 0.347 0.830 
2 Yrs 1 0.7 1.275 1.001 0.880 0.830 1.017 1.021 1.201 1.596 0.352 1.211 
4 6.8 1.293 1.085 1.032 0.922 1.102 1.010 1.016 1.733 0.367 1.237 
 p value   0.758 0.163 0.063 0.157 0.212 0.885 0.287 0.294 0.488 0.410 
1 Yr 1 0.7 1.302 1.018 0.891 0.857 1.045 1.127 1.093 1.660 0.350 1.220 
4 7.2 1.289 1.071 1.004 0.909 1.090 0.988 1.017 1.739 0.359 1.235 
 p value   0.835 0.404 0.186 0.452 0.556 0.138 0.619 0.612 0.588 0.669 
Q=Quartile; Troch=trochanter; Prox=proximal; T body=total body; Rad=ultradistal radius 
 
Further analysis of the Upper and Lower Quartiles was carried out to control for 
exercise outside of swimming (not reported). Bone mass at the femur, spine, radius 
and total body were reanalyzed for the Last 5 and Last 2 year-periods with Weight-
bearing activity, High impact activity, and Moderate plus activity as covariates.  The 
results were unchanged, there were still no significant differences between the 
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quartiles for bone mass at any site and the pattern of higher bone mass (non-
significant) in the upper quartile persisted. 
3.4 Discussion 
Given the high incidence of osteoporosis, its debilitating effects and cost to the health 
care system, it is important to be able to provide recommendations for lifestyle 
practices that might reduce this burden. Apart from pharmacological (e.g. 
bisphosphonates) and dietary (e.g. calcium, vitamin D supplementation) interventions, 
physical activity, particularly that which involves weight-bearing and/or strength training 
appears to have the greatest positive affect on bone strength (mass/geometry). 
Swimming per se features neither of the latter. Coupled with the fact that most 
research currently indicates that appropriate physical activity in adults preserves rather 
than increases bone mass, the aim of the current investigation was to examine bone 
mass in a group of premenopausal adult swimmers and controls (at or beyond peak 
bone mass) coupled with current and retrospective assessments of physical activity to 
infer whether swimming has any detrimental effects on bone. 
Swimmers and controls were well matched in terms of physical characteristics 
including lean and fat mass which have been shown to correlate, to varying degrees, 
with bone mass in previous work (e.g. Kohrt et al., 2009). This finding would suggest 
that the swimmers were not specifically self-selected for swimming activity on the 
basis of lighter frames or better buoyancy. However, in the absence of more detailed 
anthropometric measures, this suggestion remains speculative. 
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Current physical activity represented by the previous week’s activity provided only a 
broad guide to the general pattern of recent physical activity over the prior two years 
with swimmers significantly more active than controls in all categories by both 
measures. This contention is supported by good correlations (r >0.6 for both groups) 
between the two periods for the Moderate Plus category which can be viewed as an 
indicator of overall activity (includes Moderate, Hard and Very Hard activity). The 
inconsistencies between the groups for the other two categories Hard Plus and Very 
Hard (r’s of 0.3, 0.35/0.71,0.06 for swimmers and controls respectively) are hard to 
explain, however, it is likely that swim training featured seasonal fluctuations in line 
with preparation for major competitions. Furthermore, both groups generally 
considered that the week’s activity was representative of the previous three months 
with average scores close to “2” (2.02 and 1.86 swimmers and controls respectively 
where 1=Less activity; 2=About the same amount; 3=More) which supports the view 
that their activity fluctuated reasonably broadly over a 12-month period. These results 
highlight the inability to capture an accurate picture of long term physical activity 
patterns from short term records. 
Lack of differences between the groups for bone mass at any site coupled with a 
similar pattern of T and Z-scores, and a significantly lower incidence of 
osteoporosis/low bone mass at all sites in swimmers at first glance, argues against 
any negative affect of swimming on bone mass. These results bear some similarity to 
those found by Velez et al., (2008) in an older sample (>65 years) of Masters’ 
athletes including a small number of swimmers (N=15). For female swimmers, 
osteopenia (low bone mass) ranged between 16% at the spine to 61% at the femoral 
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neck with the distal radius the most common site for osteoporosis. Thirty percent of 
female controls were osteopenic at the spine and 55% at the femoral neck, with the 
spine being the most common site for osteoporosis. Comparisons between the upper 
and lower quartiles of the swimmers, representing subgroups of swimmers with 
considerable disparity in swimming exposure, failed to reveal any evidence of 
reduced bone mass at any site. In fact, the swimmers with the greatest exposure 
(upper quartile) tended to have greater bone mass at most sites. However, it is 
recognized that the quartile analysis lacked statistical power (groups of 
approximately 11 subjects) and hence the weight that can be placed on such findings 
is limited. 
Interestingly, the similarities between swimmers and controls for bone mass, 
occurred in the face of a considerably greater magnitude of past and current physical 
activity on the part of the swimmers, differences which could be accounted for mainly 
on the basis of swimming participation (at least over the prior two decades), which is 
rated as “Hard” or “Very Hard” dependent upon pace and distance (Ainsworth et al., 
1993; Ainsworth et al., 2000). This speculation was supported by a re-analysis of the 
recent and historical physical activity data with swimming hours removed  after which 
the only group differences that remained were for Hard Plus and Very Hard activity in 
the 10-19 decade. That activities categorized as Weight-Bearing and High Impact 
were practiced to a similar degree by the two groups, lends further support to the 
proposition that swimming (as practiced by these women) had no positive influence 
on bone mass, consistent with previous investigations where bone mass in swimmers 
has been generally found to be no different to controls (e.g. Emslander et al., 1998). 
By the same token, lack of differences between the groups for bone mass at any site 
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and the positive T and Z-scores for two of the three sites and negative results at 
another for both groups, also indicate that no detrimental effect on bone mass could 
be attributed to swimming (as practiced here) though it is possible that the swimmers 
were active enough in other pursuits to offset any negative effects that might have 
accrued. Similarities in the volumes of Weight-Bearing and Impact activities between 
the swimmers and controls are relevant here. The results echo some of those found 
by Harumi et al., (2000) whose 74 female swimmers (40-60 years; 1-2 hours per 
week swimming for past seven years) had higher bone mass at baseline than 
controls and that those with the longest swimming history had the highest values. 
Interestingly, their two year observational study found bone loss in both groups but to 
a lesser degree in the swimmers prompting their conclusion that swimming might be 
osteogenic before menopause but thereafter is associated with slowing loss rather 
than preserving bone mass. These conclusions should be tempered, however, given 
the lack of information provided on “other” activities performed by the participants 
that might have accounted for any advantages that the swimmers enjoyed. Repeat 
measurements to detect changes over a number of years as carried out by Nichols 
and Rauh, (2010) in a study of Master Cyclists would be necessary to carry the 
present work further. These workers actually found increasing rates of osteopenia 
and osteoporosis in their cohort of senior male cyclists versus controls with the 
exception of those who reported participating in weight training and/or impact 
exercise. 
The prevalence of low bone mass at the ultradistal radius for both groups was an 
unexpected finding, one for which the data collected could not account, but possibly 
reflects the relatively small sample size and a “preferential” loss of bone at this site 
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which is likely to experience a more marked reduction in loading with age than the 
weight-bearing lower limbs and spine. That both swimmers and controls 
demonstrated this phenomenon indicates that the strains generated by water 
resistance and forearm muscle activity (used to maintain the position of the hand 
during the propulsive phase of swimming) are insufficient to maintain forearm bone 
mass. In addition, there were no differences between swimmers and controls for lean 
mass (Table 3.1), supporting the notion that the muscular loads developed by 
swimming would be unlikely to produce the skeletal strains necessary to stimulate 
increases in bone mass. 
That the swimmers gained cardiovascular benefits from their chosen recreation is 
indicated by the results of MaxVO2 tests carried out on a limited number of the 
swimmers and controls in which swimmers performed significantly better (Table 3.7). 
In terms of calcium intake, both groups were below the RDI for this nutrient as 
reported over the previous year with the control group particularly low (67% of RDI). 
Given the absence of differences between the groups for bone mass and the fact that 
both groups had positive Z and T-scores at most sites, it would appear that low 
calcium intake had no influence on the findings, though, this suggestion must be 
considered in the context of how well a measurement of the current year’s calcium 
intake reflects lifetime calcium intake. Finally, it is acknowledged that bone mass, 
though a strong predictor of bone strength and fracture risk, does not reflect the 
underlying distribution of bone (moments of inertia, cortical thickness, medullary 
diameter etc.) and that such geometric features as opposed to volumetric or areal 
BMD may be affected positively by swimming in humans as suggested by Liu et al., 
(2003) and animals (Hart et al., 2001). 
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3.5 Summary and Conclusions 
The main findings of the study were: 
1. Adult premenopausal women with considerable current and lifetime history of 
swimming exercise did not differ significantly from controls in terms of bone mass 
at any site and in fact, had higher bone mass at most sites accompanied by fewer 
instances of low bone mass and/or osteoporosis. 
2. Low calcium intake was a feature of both groups. 
3. Similarities in bone mass between swimmers and controls appeared despite 
significantly greater overall volumes of current and historical physical activity 
favouring the swimmers. 
4. Swimmers and controls had similar histories of Weight-Bearing and High Impact 
exercise. 
Two conclusions may be drawn from the results: 
1. Swimming in mature adult women does not appear to produce detrimental effects 
on bone mass and it is therefore reasonable to encourage participation for its 
known positive effects on variables such as cardiovascular fitness, weight control 
and social interaction. 
2. Swimming in mature adult women may preserve bone but not promote gain. 
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These conclusions are considered tentative given the study design (cross-sectional 
and retrospective) and the fact that the two groups experienced similar levels of 
weight-bearing and high impact exercise which may have been sufficient to offset 
any negative skeletal effects of swimming. 
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CHAPTER 4 
DETERMINANTS OF aBMD IN ADULT PREMENOPAUSAL 
WOMEN 
4.1 Introduction 
As was discussed in Chapter one, bone mass is mainly determined by the interplay 
of genetic factors (range 50-90%) with the magnitude of the contribution somewhat 
different for different parts of the skeleton (e.g. Lei et al., 2006). Exercise and diet 
appear to be the “major players” among the modifiable lifestyle factors that contribute 
to the remaining variance. In terms of exercise, a considerable part of the literature 
review was devoted to establishing the modes of exercise that best promote bone 
formation/maintenance with a consensus favouring those which feature dynamic 
loading (impact) and/or strong muscular contractions e.g. (Nikander et al., 2009). An 
age/exercise interaction was also adduced with the “growing years” providing the 
most exercise-amenable skeleton with PBM usually attained not long after puberty 
but potentially deferred until later in the second decade. The results of the current 
investigation indicated that endurance-style swimming of over five hours per week 
lifetime (mean for the upper quartile of the swimming group) has no negative affect 
on bone mass (Chapter 3) with the caveat that perhaps a certain amount of weight-
bearing exercise must be performed concomitantly. The present chapter presents the 
results of varied investigations into non-genetic determinants of bone mass in the 
152 eligible premenopausal women who volunteered to take part in the overall 
research program. The major component of this work consisted of an investigation 
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into the influence of historical physical activity on bone mass with smaller scale 
studies of the relationships between current bone mass and body 
composition/anthropometric, strength and cardiovascular fitness factors. 
There have been a number of investigations exploring the relationships between 
exercise over the lifespan and current bone mass with varied results. The earliest 
would appear to have been led by Kriska et al., (1988) who reported significant 
relationships between survey-measured historical physical activity and cortical bone 
area and density in the radius in postmenopausal women (N=233). Glynn et al., 
(1995) examined the relationship in older men (mean age 66.6 years, N=523) and 
found that Hip BMD was positively associated with current body weight, high 
historical physical activity, quadriceps strength and paradoxically, negatively with 
blonde hair colour. In the same year, Greendale and colleagues (1995) published the 
results of their assessment of a mixed gender sample of 1703 men and women 
(mean age 73 years) reporting that lifetime exercise (scored for moderate and 
strenuous activities during the teenage years, as well as ages 30 and 50 years) was 
positively associated with aBMD at the total hip and its subcomponents but not with 
the radius or spine. Brahm and colleagues (1998), examined relationships between 
bone mass (DXA and Ultrasound) and historical leisure-time physical activity 
(questionnaire) in a sample of men and women (61 of each gender) stratified by age 
to represent seven decades between 22 and 85 years and found no relationships 
after factoring in a number of confounding variables (age, height, weight, 
occupational physical activity, milk intake). In contrast, Ulrich and colleagues (1999) 
found good relationships between both peripheral and total body bone mass and 
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lifetime weight-bearing exercise (r =0.54 for both) in a small sample of 
premenopausal women (N=25, mean age, 41 years) even after controlling for height, 
weight and milk intake. More recently, Rideout et al., (2006) employed a modified 
version of Kriska’s lifetime leisure activity questionnaire (LLAQ cited above), to 
explore activity and bone mass interactions at the hip and spine in 78 post-
menopausal women. They reported that only weight-bearing physical activity during 
the teen years was significantly associated with bone mass at both sites (r =0.31 and 
0.33 respectively). In a more sophisticated approach, Daly and Bass (2006) also 
deployed a modified version of Kriska et al.’s LLAQ to investigate relationships 
between bone (hip, spine, radius and heel) and physical activity, but this time in 161 
older men (mean 61.6 years). They used the data to calculate an osteogenic index 
(OI) based upon estimates of the GRFs associated with the various activities 
reported and coupled these with measures of bone mass and bone geometric 
properties (DXA, QCT, ultrasound). Subsequent regression analyses adjusted for a 
number of variables (age, height, weight, femoral length, muscle cross-sectional 
area) lead them to conclude that lifetime physical activity categorized by the OI was 
an important determinant of bone size, quality and strength at loaded sites. 
Interestingly, there were no relationships identified between leisure time physical 
activity and aBMD whether categorized by OI or simply expressed as total time. In 
the current work, determinants of current bone mass (aBMD at total body and 
regional sites) in premenopausal women were explored using data on historical 
physical activity (surveys) body composition, anthropometric measurements and 
functional measurements of strength and cardiovascular fitness. Given previous 
research establishing the existence of relationships between a number of body 
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composition/anthropometric variables and bone mass, these variables were also 
explored and used as covariates for the hierarchical regression analyses used to 
investigate the bone-activity relationships. 
4.2 Methods 
4.2.1 Subjects 
One hundred and fifty two premenopausal women (mean age 39.9 years) recruited 
from AUSSI and the local community at the beginning of the research project acted 
as subjects. Recruitment details are included in Chapter 2. Nearly all (148) provided 
usable data for the estimation of historical physical activity, height, weight, bone 
mass, fat mass, lean mass and dietary calcium, while smaller numbers took part in 
functional measurements of strength (N=73) and cardiovascular fitness (N=66). 
4.2.2 Procedures 
Chapter 2 provides detailed descriptions of all of the methods employed, however a 
brief outline is provided below. 
a) Assessment of physical activity 
Historical physical activity participation was captured via self-administered surveys 
divided by decade for participation and categorized as: Weight-Bearing, Impact (High 
or Medium), Upper or Lower Body, Moderate Plus, Hard Plus, and Very Hard. These 
categories were generally based upon whether a reported activity involved weight 
 229 
support, was associated with running or with jumping and landing activities or 
demanded a metabolic cost of between three and seven or more METS. 
b) Bone mass, body composition and anthropometry 
Areal BMD was measured by DXA at the total body, proximal femur (neck, Wards, 
trochanter), lumbar spine (L2-L4), tibia (proximal, middle and distal thirds) and 
ultradistal radius. Height and weight were measured by stadiometer and scales while 
estimates of fat and lean mass were derived from total body DXA scans. Body mass 
index (BMI) was calculated from height and weight. 
c) Functional measurements and dietary calcium 
Cardiovascular fitness was estimated in 66 subjects from direct determinations of 
(MaxVO2) and peak power output (PPO) using a cycle ergometer and automated 
oxygen analysis equipment. The results were expressed in absolute (ml/kg) and 
relative terms (ml/kg/minute) and also as a percentage of predicted MaxVO2 for age 
and weight (%predicted MaxVO2). Maximum strength and power were approximated 
in 72 subjects through a battery of tests targeting both the upper and lower body 
using free weights, machine weights, isokinetic dynamometry (both eccentric and 
concentric), and a hand dynamometer (grip strength). A counter movement vertical 
jump was employed as a general measure of lower extremity strength and power. 
Finally, calcium intake was approximated retrospectively in 146 subjects through the 
completion of a calcium frequency questionnaire (CFQ). 
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4.2.3 Statistical analysis 
Hierarchical multiple regression was used to explore the relationships between the 
various independent variables and aBMD at all sites using separate analyses of the 
historical, body composition and functional data. In each case, (with the exception of 
body composition), age, BMI, lean mass and %Fat were entered simultaneously at 
the first step, followed by the addition of a single activity predictor. 
4.3 Results 
4.3.1 Physical characteristics and calcium intake 
Table 4.1 summarizes general physical characteristics, bone mass, calcium intake 
and some reproductive history of participants. All were premenopausal on the basis 
of nine or more normal menstrual cycles in the previous 12 months and the absence 
of any current menopausal symptoms, including one individual who still met these 
criteria at age 56. Calcium intake was low, averaging 66% of the RDI. Their mean T 
and Z-scores put them above average for aBMD (T and Z-scores) at all sites with the 
exception of the distal radius where the averages were negative. 
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Table 4.1: Physical and gynaecological characteristics and calcium intake of subjects 
Descriptive Statistics 
 N mean sd 
Age 152 40.0 9.6 
Anthropometry 
Height (meters) 
Weight (kilograms) 
BMI 
152 
 
 
1.648 
67.3 
24.8 
 
0.064 
12.8 
4.5 
Total Body BMD (g/cm2) 
T-score 
Z-score 
152 1.207 
1.03 
1.02 
0.078 
0.97 
0.99 
UD Radius BMD (g/cm2) 
T-score 
Z-score 
142 
 
 
0.350 
-0.67 
-0.67 
0.047 
1.31 
1.31 
AP Spine BMD (g/cm2) 
T-score 
Z-score 
148 
 
 
1.255 
0.46 
0.51 
0.153 
1.28 
1.29 
Proximal Fem BMD (g/cm2) 
T-score 
Z-score 
147 1.033 
0.29 
0.37 
0.148 
0.23 
1.16 
Body Composition 
Lean (grams) 
Fat (grams) 
BMC (grams) 
%Fat 
152  
41965 
22111 
2582 
37.1 
 
4901 
10749 
335 
10 
Calcium 
Intake (milligrams) 
%RDI 
146  
688.0 
66.3 
 
439.3 
42.9 
Menstrual 
Years of OCP 
Number of pregnancies 
152  
7.0 
1.6 
 
7.1 
1.6 
        OCP=Oral contraceptive pill; BMI=body mass index; RDI=recommended daily intake 
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4.3.2 Relationships between current bone mass and body composition 
and basic anthropometry 
Table 4.2 summarizes the results of the multiple regression analysis used to explore 
relationships between aBMD at all sites and a number of common body composition 
and anthropometric variables. In this instance, the only covariate applied was age. 
Table 4.2: Correlations between bone mass and body composition and 
anthropometric variables 
 Significant correlation bold; ***p<0.001;**p<0.01; p*<0.05; UD=ultradistal 
 
Body Composition/Anthropometric Variables 
Covariate=Age 
Bone Site for aBMD N Height Weight BMI Total lean Total fat %Fat 
Total Body 152 0.15 0.25**  0.20*  0.32 *** 0.13 0.05 
UD Radius 142 -0.06 0.10 0.13 0.17 0.03 -0.01 
AP Spine 148 0.16 * 0.17 0.11 0.28 ** 0.06 -0.01 
Proximal Femur 147 0.03 0.34 **** 0.34***  0.28**  0.26**  0.17*  
Femoral Neck 147 0.13 0.26**  0.21**  0.29 *** 0.16 * 0.08 
Femoral Wards 147 0.05 0.29 *** 0.28 *** 0.25**  0.22 **  0.15*  
Femoral Trochanter 147 0.04 0.34 *** 0.34 *** 0.32 *** 0.24 ** 0.16 
Tibia Proximal 88 0.19 0.40 *** 0.36 *** 0.34**  0.33 *** 0.26**  
Tibia Middle 88 0.11 0.24 * 0.22 * 0.32 ** 0.14 0.10 
Tibia Distal 88 0.07 0.30 ** 0.30 ** 0.26 * 0.24 * 0.20 * 
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For total body BMD, the strongest correlations were provided by total lean mass, 
body weight and BMI in that order (p<0.001, 0.01, 0.05 respectively). Interestingly, 
none of the variables correlated significantly with bone mass at the ultradistal radius 
and only two were significantly related to spinal bone mass, (total lean mass and 
height), with total lean mass providing the strongest correlation. All femoral sites 
correlated significantly with each of the independent variables with the exception of 
height and %Fat. The magnitudes of these correlations were reasonably comparable 
for total lean mass, weight and BMI and smallest for Total fat. For the three tibial 
sites, height again failed to feature while the largest correlations were detected for 
the proximal tibia and each of the remaining variables, with r ranging between 0.26 
and 0.40. The tibial shaft (middle one third of tibia) correlated with the same variables 
with the exception of both measures of fat, but with smaller r’s (0.22 to 0.32). The 
pattern of correlations for the distal tibia was similar to that seen at the proximal end 
of the bone though the correlations were of smaller magnitude. On the basis of these 
results, total lean mass, body weight, BMI and %Fat were used as covariates in 
analysing the relationships between physical activity and bone mass. Height was 
excluded because of its failure to provide any strong relationships with bone mass at 
any site and %Fat was used as a measure which adjusted for the proportion of fat. 
4.3.3 Relationships between bone mass and historical physical activity 
participation 
Tables 4.3 to 4.10 present the results of multiple regression analyses exploring the 
relationships between historical physical activity (starting 10-19 years) and the 
various measures of bone mass. Each decade is represented by two tables in which 
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the dependent variables are shown on the left, the unadjusted correlations with 
predictor variables occupy the centre and the analysis of any significant “first pass” 
correlations adjusted for covariates (age, BMI, total lean mass and %Fat) are shown 
on the right. 
a) 10-19 years 
For the earliest reported decade (Table 4.3), multiple small significant positive 
correlations were detected (r =0.15 to 0.28) but none for the femoral neck, spine or 
radius. The prediction of bone mass based upon the combination of age, BMI, lean 
mass, and %Fat explained between 14 and 29% of the variance and the only activity 
variables that added significant levels of unique predictive variance were Very Hard 
activity at the femoral trochanter (accounting for an additional 3.2% of the variance, 
p<0.05) and a cluster of activity categories at the middle tibia: Weight-Bearing, Upper 
body, Lower body and Moderate Plus activity (4.4 to 5.0%, p<0.05 for all). 
b) 20-29 years 
In this decade (Tables 4.5 and 4.6), there were many small significant positive 
correlations for all bone sites (r =0.15 to 0.33; 0.05>p<0.001) with Hard Plus and/or 
Very Hard activities dominant at the total body, radius, spine and femoral sub-
regions. The proximal tibia correlated with Weight-Bearing and Moderate Plus 
activities as well as with both categories of Impact activity and Upper and Lower 
Body activity. For the tibial shaft, positive correlations for the same variables were 
detected with the exception of the two impact categories while for the distal tibia, only 
Moderate Plus and Upper body activity produced significant unadjusted correlations. 
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After adjustment, the only independent predictor was Very Hard activity for total body 
BMD and all femoral sites, improving the prediction by three to seven percent 
(0.05>p<0.001). 
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Table 4.3: Relationships between physical activity and bone mass for the 10-19 
decade for Weight-Bearing, Moderate Plus, Hard Plus and Very Hard activities 
Historical Activity: 10-19 years 
Weight-Bearing, Moderate+, Hard+, Very Hard Constant:  Age, Lean, BMI, %Fat 
Dependent: BMD (g/cm2) Predictor Correlation Model Summary Change 
Bone Site N Age mean sd  mean sd r p R R2 R2ADJ R2 F p 
 
Total Body 
 
 
 
148 
 
 
 
40 
 
 
 
1.207 
 
 
 
0.079 
 
 
Wt B 2.2 2.4 0.03 0.693       
Mod+ 1.1 1.3 0.11 0.149       
Hard+ 0.4 0.5 0.09 0.199       
V Hard 0.3 0.4 0.08 0.286       
UD Radius 
 
 
 
138 
 
 
 
40 
 
 
 
0.350 
 
 
 
0.047 
 
 
Wt B 2.2 2.4 -0.01 0.892       
Mod+ 1.1 1.3 0.11 0.210       
Hard+ 0.4 0.5 0.07 0.598       
V Hard 0.3 0.4 0.01 0.976       
 
AP Spine 
 
 
 
144 
 
 
 
40 
 
 
 
1.257 
 
 
 
0.154 
 
 
Wt B 2.2 2.5 -0.05 0.278       
Mod+ 1.1 1.3 0.04 0.311       
Hard+ 0.4 0.5 0.09 0.147       
V Hard 0.3 0.4 0.04 0.320       
 
Prox Fem 
 
 
 
143 
 
 
 
40 
 
 
 
1.031 
 
 
 
0.148 
 
 
Wt B 2.3 2.5 0.06 0.230       
Mod+ 1.1 1.3 0.15 0.033 0.420 0.177 0.147 0.010 1.67 0.198 
Hard+ 0.4 0.5 0.15 0.037 0.423 0.179 0.149 0.012 2.03 0.157 
V Hard 0.3 0.4 0.19 0.012 0.435 0.189 0.160 0.023 3.88 0.051 
 
Fem Neck 
 
 
 
144 
 
 
 
40 
 
 
 
1.010 
 
 
 
0.143 
 
 
Wt B 2.2 2.5 0.06 0.240       
Mod+ 1.1 1.3 0.11 0.095       
Hard+ 0.4 0.5 0.12 0.078       
V Hard 0.3 0.4 0.13 0.063       
 
Fem Ward 
 
 
 
143 
 
 
 
40 
 
 
 
0.919 
 
 
 
0.175 
 
 
Wt B 2.2 2.4 0.06 0.232       
Mod+ 1.1 1.3 0.15 0.039 0.467 0.218 0.189 0.007 1.31 0.255 
Hard+ 0.4 0.5 0.16 0.026 0.468 0.219 0.191 0.009 1.52 0.220 
V Hard 0.3 0.4 0.18 0.015 0.476 0.227 0.199 0.017 2.95 0.088 
 
Fem Troch 
 
 
 
143 
 
 
 
40 
 
 
 
0.856 
 
 
 
0.137 
 
 
Wt B 2.2 2.4 0.03 0.363       
Mod+ 1.1 1.3 0.15 0.041 0.433 0.188 0.158 0.009 1.51 0.222 
Hard+ 0.4 0.5 0.14 0.043 0.436 0.190 0.161 0.012 2.01 0.159 
V Hard 0.3 0.4 0.21 0.006 0.459 0.210 0.182 0.032 5.53 0.020 
 
Tibia Prox 
 
 
 
85 
 
 
 
40 
 
 
 
1.081 
 
 
 
0.169 
 
 
Wt B 2.3 2.7 0.20 0.037 0.54 0.29 0.244 0.018 2.01 0.16 
Mod+ 1.2 1.5 0.22 0.022 0.536 0.287 0.242 0.016 1.75 0.190 
Hard+ 0.4 0.5 0.03 0.394       
V Hard 0.3 0.5 0.01 0.483       
 
Tibia Mid 
 
 
 
85 
 
 
 
40 
 
 
 
1.742 
 
 
 
0.200 
 
 
Wt B 2.3 2.7 0.27 0.006 0.411 0.169 0.116 0.045 4.28 0.042 
Mod+ 1.2 1.5 0.28 0.005 0.414 0.171 0.119 0.047 4.51 0.037 
Hard+ 0.4 0.5 0.10 0.177       
V Hard 0.3 0.5 0.07 0.275       
 
Tibia Dist 
 
 
 
85 
 
 
 
40 
 
 
 
1.006 
 
 
 
0.194 
 
 
Wt B 2.3 2.7 0.12 0.133       
Mod+ 1.2 1.5 0.22 0.021 0.379 0.144 0.090 0.025 2.29 0.134 
Hard+ 0.4 0.5 0.00 0.486       
V Hard 0.3 0.5 -0.02 0.428       
Significant correlations bold; Wt B=Weight-Bearing; Mod+=Moderate Plus; Hard+=Hard Plus; V 
Hard=Very Hard; Fem=femur; UD=ultradistal; AP=anteroposterior; Troch=trochanter; Prox=proximal; 
Mid=middle; Dist=distal; all activity expressed in hours per week 
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Table 4.4: Relationships between physical activity and bone mass for the 10-19 
decade for High Impact, Medium Impact, Upper Body and Lower Body activities 
Historical Activity: 10-19 years 
High & Medium Impact, Upper & Lower Body Constant: Age, Lean, BMI, %Fat 
Dependent: BMD (g/cm2) Predictor Correlation Model Summary Change 
Bone Site N Age mean sd  mean sd r p R R2 R2ADJ R2 F p 
     Imp Med+ 0.28 0.41 0.14 0.042 0.374 0.140 0.109 0.010 1.73 0.190 
Total Body 148 40 1.207 0.079 
Imp Hi+ 0.07 0.15 0.17 0.021 0.381 0.145 0.115 0.016 2.73 0.101 
Upper 0.77 1.04 0.05 0.505       
     Lower 2.40 2.49 0.03 0.681       
     Imp Med 0.29 0.42 0.08 0.556       
UD Radius 138 40 0.350 0.047 
Imp Hi 0.08 0.16 0.04 0.780       
Upper 0.77 1.04 0.11 0.213       
     Lower 2.43 2.47 -0.02 0.802       
     Imp Med 0.28 0.41 0.10 0.111       
AP Spine 144 40 1.257 0.154 
Imp Hi 0.07 0.16 0.11 0.096       
Upper 0.78 1.05 0.01 0.477       
     Lower 2.43 2.51 -0.05 0.288       
     Imp Med 0.29 0.41 0.13 0.066       
Prox Fem 143 40 1.031 0.148 
Imp Hi 0.07 0.16 0.12 0.074       
Upper 0.79 1.05 0.12 0.07       
     Lower 2.46 2.50 0.08 0.184       
     Imp Med 0.28 0.41 0.09 0.149       
Fem Neck 144 40 1.010 0.143 
Imp Hi 0.07 0.16 0.13 0.055       
Upper 0.79 1.05 0.07 0.196       
     Lower 2.45 2.50 0.07 0.205       
     Imp Med 0.29 0.41 0.14 0.053       
Fem Ward 143 40 0.919 0.175 
Imp Hi 0.07 0.16 0.15 0.042 0.468 0.219 0.190 0.008 1.48 0.226 
Upper 0.78 1.05 0.10 0.108       
     Lower 2.41 2.46 0.08 0.172       
     Imp Med 0.29 0.41 0.10 0.120       
Fem Troch 143 40 0.856 0.137 
Imp Hi 0.07 0.16 0.08 0.159       
Upper 0.78 1.05 0.12 0.086       
     Lower 2.41 2.46 0.05 0.291       
     Imp Med 0.26 0.42 0.08 0.234       
Tibia Prox 85 40 1.081 0.169 
Imp Hi 0.07 0.15 0.23 0.016 0.533 0.284 0.239 0.013 1.42 0.237 
Upper 0.89 1.21 0.23 0.019 0.535 0.286 0.241 0.015 1.64 0.204 
     Lower 2.56 2.75 0.20 0.034 0.539 0.290 0.245 0.019 2.11 0.150 
     Imp Med 0.26 0.42 0.11 0.149       
Tibia Mid 85 40 1.742 0.200 
Imp Hi 0.07 0.15 0.09 0.195       
Upper 0.89 1.21 0.28 0.004 0.409 0.167 0.115 0.044 4.13 0.045 
     Lower 2.56 2.75 0.28 0.004 0.416 0.173 0.121 0.050 4.74 0.032 
     Imp Med 0.26 0.42 0.01 0.468       
Tibia Dist 85 40 1.006 0.194 
Imp Hi 0.07 0.15 0.06 0.299       
Upper 0.89 1.21 0.26 0.009 0.388 0.150 0.096 0.031 2.89 0.093 
     Lower 2.56 2.75 0.12 0.135       
Significant correlations bold; Imp Hi=High Impact, Imp Med=Medium Impact, Upper=Upper Body and 
Lower=Lower Body; Fem=femur; UD=ultradistal; AP=anteroposterior; Troch=trochanter; 
Prox=proximal; Mid=middle; Dist=distal; all activity expressed in hours per week 
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Table 4.5: Relationships between physical activity and bone mass for the 20-29 
decade for Weight-Bearing, Moderate Plus, Hard Plus and Very Hard activities 
Historical Activity: 20-29 years 
Weight-Bearing, Moderate+, Hard+, Very Hard Constant: Age, Lean, BMI, %Fat 
Dependent: BMD (g/cm2) Predictor Correlation Model Summary Change 
Bone Site N Age mean sd  mean sd r p R R2 R2ADJ R2 F p 
     Wt B 3.56 3.33 0.04 0.566       
Total Body 126 43 1.208 0.082 
Mod+ 1.76 1.80 0.09 0.238       
Hard+ 0.43 0.63 0.20 0.013 0.43 0.19 0.15 0.03 3.70 0.057 
     V Hard 0.22 0.41 0.29 0.001 0.46 0.21 0.18 0.05 7.47 0.007 
     Wt B 3.64 3.37 0.00 0.494       
UD Radius 119 43 0.348 0.048 
Mod+ 1.77 1.84 0.12 0.089       
Hard+ 0.42 0.63 0.09 0.380       
     V Hard 0.22 0.41 0.19 0.022 0.31 0.10 0.06 0.01 1.47 0.229 
     Wt B 3.60 3.35 -0.04 0.34       
AP Spine 122 43 1.260 0.159 
Mod+ 1.78 1.82 0.01 0.453       
Hard+ 0.44 0.64 0.14 0.067       
     V Hard 0.23 0.41 0.19 0.017 0.35 0.13 0.09 0.02 2.50 0.116 
     Wt B 3.64 3.34 0.09 0.176       
Prox Fem 121 43 1.022 0.153 
Mod+ 1.80 1.82 0.16 0.045 0.44 0.19 0.16 0.01 0.71 0.402 
Hard+ 0.44 0.64 0.17 0.029 0.46 0.21 0.18 0.03 3.58 0.061 
     V Hard 0.23 0.42 0.31 0.000 0.50 0.25 0.22 0.06 9.89 0.002 
     Wt B 3.61 3.34 0.06 0.249       
Fem Neck 122 43 0.998 0.147 
Mod+ 1.78 1.82 0.12 0.099       
Hard+ 0.44 0.64 0.17 0.034 0.38 0.14 0.10 0.01 1.24 0.267 
     V Hard 0.23 0.41 0.26 0.002 0.41 0.16 0.13 0.03 4.47 0.037 
     Wt B 0.90 0.18 0.06 0.257       
Fem Ward 121 43 0.897 0.175 
Mod+ 1.76 1.81 0.14 0.058       
Hard+ 0.43 0.64 0.18 0.024 0.43 0.19 0.15 0.02 2.32 0.131 
     V Hard 0.22 0.41 0.33 0.000 0.48 0.23 0.20 0.06 8.91 0.003 
     Wt B 3.52 3.23 0.05 0.307       
Fem Troch 121 43 0.852 0.142 
Mod+ 1.76 1.81 0.15 0.056       
Hard+ 0.43 0.64 0.15 0.049 0.49 0.24 0.21 0.02 3.18 0.077 
     V Hard 0.22 0.41 0.33 0.000 0.54 0.29 0.26 0.07 11.93 0.001 
     Wt B 3.76 3.54 0.27 0.009 0.51 0.26 0.21 0.02 1.66 0.202 
Tibia Prox 76 42 1.066 0.164 
Mod+ 1.75 1.90 0.30 0.004 0.52 0.27 0.22 0.02 2.27 0.137 
Hard+ 0.37 0.61 0.26 0.011 0.53 0.28 0.23 0.04 3.48 0.066 
     V Hard 0.23 0.40 0.10 0.191       
     Wt B 3.76 3.54 0.29 0.005 0.42 0.18 0.12 0.04 3.00 0.088 
Tibia Mid 76 42 1.739 0.206 
Mod+ 1.75 1.90 0.27 0.009 0.41 0.17 0.11 0.03 2.56 0.114 
Hard+ 0.37 0.61 0.06 0.294       
     V Hard 0.23 0.40 0.08 0.258       
     Wt B 3.76 3.54 0.11 0.170       
Tibia Dist 76 42 1.000 0.200 
Mod+ 1.75 1.90 0.21 0.037 0.38 0.15 0.08 0.01 1.33 0.291 
Hard+ 0.37 0.61 0.09 0.211       
     V Hard 0.23 0.40 0.07 0.274       
Significant correlations bold; Wt B=Weight-Bearing; Mod+=Moderate Plus; Hard+=Hard Plus; V 
Hard=Very Hard; Fem=femur; UD=ultradistal; AP=anteroposterior; Troch=trochanter; Prox=proximal; 
Mid=middle; Dist=distal; all activity expressed in hours per week 
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Table 4.6: Relationships between physical activity and bone mass for the 20-29 
decade for High Impact, Medium Impact, Upper Body and Lower Body activities 
Historical Activity: 20-29 years 
High & Medium Impact, Upper & Lower Body Constant: Age, Lean, BMI, %Fat 
Dependent: BMD (g/cm2) Predictor Correlation Model Summary Change 
Bone Site N Age mean sd  mean sd r p R R2 R2ADJ R2 F p 
     Imp Med+ 0.33 0.57 0.13 0.079       
Total Body 126 43 1.208 0.082 
Imp Hi+ 0.10 0.30 0.01 0.750       
Upper 1.43 1.65 0.04 0.600       
     Lower 3.72 3.35 0.05 0.468       
     Imp Med 0.33 0.57 0.04 0.736       
UD Radius 119 43 0.348 0.048 
Imp Hi 0.10 0.31 -0.91 0.282       
Upper 1.45 1.68 0.11 0.263       
     Lower 3.79 3.40 0.00 0.980       
     Imp Med 0.34 0.58 0.07 0.209       
AP Spine 122 43 1.260 0.159 
Imp Hi 0.10 0.30 -0.02 0.412       
Upper 1.45 1.66 -0.04 0.326       
     Lower 3.76 3.37 -0.02 0.395       
     Imp Med 0.35 0.58 0.08 0.201       
Prox Fem 121 43 1.022 0.153 
Imp Hi 0.10 0.30 0.00 0.493       
Upper 1.46 1.67 0.14 0.059       
     Lower 3.80 3.36 0.11 0.127       
     Imp Med 0.34 0.58 0.09 0.157       
Fem Neck 122 43 0.998 0.147 
Imp Hi 0.10 0.30 0.01 0.449       
Upper 1.45 1.66 0.08 0.178       
     Lower 3.77 3.36 0.08 0.200       
     Imp Med 0.34 0.58 0.08 0.202       
Fem Ward 121 43 0.897 0.175 
Imp Hi 0.10 0.30 0.02 0.401       
Upper 1.42 1.64 0.12 0.090       
     Lower 3.68 3.23 0.08 0.187       
     Imp Med 0.34 0.58 0.04 0.328       
Fem Troch 121 43 0.852 0.142 
Imp Hi 0.10 0.30 -0.03 0.357       
Upper 1.42 1.64 0.14 0.066       
     Lower 3.68 3.23 0.07 0.225       
     Imp Med 0.24 0.52 0.22 0.029 0.519 0.269 0.217 0.025 2.44 0.123 
Tibia Prox 76 42 1.066 0.164 
Imp Hi 0.07 0.25 0.19 0.046 0.515 0.263 0.213 0.021 2.04 0.158 
Upper 1.47 1.68 0.26 0.013 0.503 0.253 0.200 0.009 0.88 0.352 
     Lower 3.93 3.59 0.28 0.008 0.511 0.261 0.209 0.018 1.67 0.201 
     Imp Med 0.24 0.52 0.04 0.378       
Tibia Mid 76 42 1.739 0.206 
Imp Hi 0.07 0.25 0.12 0.155       
Upper 1.47 1.68 0.25 0.016 0.396 0.157 0.097 0.018 1.48 0.228 
     Lower 3.93 3.59 0.29 0.006 0.415 0.172 0.113 0.033 2.80 0.099 
     Imp Med 0.24 0.52 0.10 0.189       
Tibia Dist 76 42 1.000 0.200 
Imp Hi 0.07 0.25 0.09 0.215       
Upper 1.47 1.68 0.20 0.040 0.375 0.141 0.079 0.009 0.75 0.391 
     Lower 3.93 3.59 0.11 0.166       
Significant correlations bold; Imp Hi=High Impact, Imp Med=Medium Impact, Upper=Upper Body and 
Lower=Lower Body; Fem=femur; UD=ultradistal; AP=anteroposterior; Troch=trochanter; 
Prox=proximal; Mid=middle; Dist=distal; all activity expressed in hours per week 
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c) 30-39 years 
Tables 4.7 and 4.8 again reveal multiple small significant unadjusted correlations 
between bone mass and activity, though for a smaller number of contributing 
categories. There were no relationships between lumbar spine bone mass and any 
activity variable. Correlations ranged between 0.17 and 0.37 (0.05>p<0.001) with the 
exception of the middle tibia, where a moderate negative correlation with High Impact 
activity was found (-0.40, p<0.001). Very Hard activity made significant positive 
contributions to the prediction of bone mass at all femoral sites and the total body 
(4.7 to 8.3%, 0.05>p<0.01) while the negative relationship between High Impact 
activity and the middle tibia added a substantial 28% to the prediction offered by the 
covariate model (p<0.001). 
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Table 4.7: Relationships between physical activity and bone mass for the 30-39 
decade for Weight-Bearing, Moderate Plus, Hard Plus and Very Hard activities 
Historical  Activity: 30-39 years 
Weight-Bearing, Moderate+, Hard+, Very Hard Constant: Age, Lean, BMI, %Fat 
Dependent: BMD (g/cm2) Predictor Correlation Model Summary Change 
Bone Site N Age mean sd  mean sd r p R R2 R2ADJ R2 F p 
     Wt B 3.77 3.68 0.01 0.921       
Total Body 96 46 1.215 0.083 
Mod+ 1.76 1.88 0.14 0.186       
Hard+ 0.34 0.81 0.17 0.049 0.39 0.16 0.11 0.02 1.80 0.183 
     V Hard 0.18 0.36 0.37 0.000 0.47 0.22 0.18 0.08 9.60 0.003 
     Wt B 3.81 3.72 -0.02 0.787       
UD Radius 93 46 0.349 0.048 
Mod+ 1.74 1.89 0.13 0.244       
Hard+ 0.32 0.80 0.10 0.458       
     V Hard 0.17 0.35 0.25 0.007 0.33 0.11 0.05 0.04 3.69 0.058 
     Wt B 3.80 3.69 -0.06 0.299       
AP Spine 95 46 1.271 0.164 
Mod+ 1.77 1.89 0.04 0.356       
Hard+ 0.34 0.81 0.16 0.062       
     V Hard 0.18 0.36 0.17 0.050       
     Wt B 3.83 3.72 0.06 0.296       
Prox Fem 93 46 1.035 0.156 
Mod+ 1.79 1.90 0.15 0.075       
Hard+ 0.34 0.82 0.14 0.087       
     V Hard 0.18 0.36 0.36 0.000 0.52 0.27 0.23 0.07 8.46 0.005 
     Wt B 3.81 3.7 0.06 0.299       
Fem Neck 94 46 1.001 0.151 
Mod+ 1.77 1.90 0.12 0.135       
Hard+ 0.34 0.82 0.16 0.066       
     V Hard 0.18 0.36 0.31 0.001 0.48 0.23 0.18 0.05 5.39 0.023 
     Wt B 3.81 3.7 0.00 0.499       
Fem Ward 94 46 0.902 0.178 
Mod+ 1.77 1.90 0.13 0.109       
Hard+ 0.34 0.82 0.10 0.160       
     V Hard 0.18 0.36 0.36 0.000 0.51 0.26 0.22 0.07 8.36 0.005 
     Wt B 3.81 3.7 -0.03 0.392       
Fem Troch 94 46 0.866 0.142 
Mod+ 1.77 1.90 0.12 0.129       
Hard+ 0.34 0.82 0.13 0.116       
     V Hard 0.18 0.36 0.37 0.000 0.53 0.28 0.24 0.08 9.57 0.003 
     Wt B 3.78 3.62 0.23 0.041 0.50 0.25 0.18 0.02 1.18 0.283 
Tibia Prox 57 46 1.057 0.178 
Mod+ 1.71 2.01 0.25 0.029 0.50 0.25 0.18 0.02 1.40 0.242 
Hard+ 0.32 0.93 0.13 0.163       
     V Hard 0.15 0.26 -0.02 0.433       
     Wt B 3.78 3.62 0.18 0.089       
Tibia Mid 57 46 1.731 0.217 
Mod+ 1.71 2.01 0.14 0.145       
Hard+ 0.32 0.93 -0.15 0.129       
     V Hard 0.15 0.26 0.10 0.238       
     Wt B 3.78 3.62 0.12 0.192       
Tibia Dist 57 46 1.001 0.221 
Mod+ 1.71 2.01 0.21 0.056       
Hard+ 0.32 0.93 -0.01 0.477       
     V Hard 0.15 0.26 -0.02 0.444       
Significant correlations bold; Wt B=Weight-Bearing; Mod+=Moderate Plus; Hard+=Hard Plus; V 
Hard=Very Hard; Fem=femur; UD=ultradistal; AP=anteroposterior; Troch=trochanter; Prox=proximal; 
Mid=middle; Dist=distal; all activity expressed in hours per week 
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Table 4.8: Relationships between physical activity and bone mass for the 30-39 
decade for High Impact, Medium Impact, Upper Body and Lower Body activities 
Historical Activity: 30-39 years 
(High & Medium Impact, Upper & Lower Body) Constant: Age, Lean, BMI, %Fat 
Dependant: Bone Site Predictor: Activity  Model Summary Change 
g/cm2 N Age Mean sd hr/wk Mean sd R p R R2 R2ADJ R2 F p 
     Imp Med+ 0.32 0.81 0.11 0.357       
Total Body 97 46 1.215 0.083 
Imp Hi+ 0.05 0.18 0.07 0.481       
Upper 1.43 1.63 0.10 0.289       
     Lower 3.92 3.68 0.03 0.829       
     Imp Med 0.30 0.80 0.08 0.727       
UD Radius 93 46 0.349 0.048 
Imp Hi 0.05 0.19 -0.06 0.641       
Upper 1.41 1.64 0.11 0.240       
     Lower 3.94 3.73 -0.01 0.865       
     Imp Med 0.32 0.81 0.16 0.064       
AP Spine 95 46 1.271 0.164 
Imp Hi 0.05 0.18 0.03 0.402       
Upper 1.44 1.64 -0.45 0.333       
     Lower 3.93 3.69 -0.05 0.332       
     Imp Med 0.32 0.82 0.10 0.173       
Prox Fem 93 46 1.035 0.156 
Imp Hi 0.05 0.19 0.02 0.430       
Upper 1.45 1.65 0.14 0.098       
     Lower 3.96 3.72 0.07 0.241       
     Imp Med 0.32 0.82 0.11 0.147       
Fem Neck 94 46 1.001 0.151 
Imp Hi 0.05 0.19 0.02 0.422       
Upper 1.43 1.64 0.09 0.197       
     Lower 3.94 3.71 0.07 0.247       
     Imp Med 0.32 0.82 0.06 0.271       
Fem Ward 94 46 0.902 0.178 
Imp Hi 0.05 0.19 0.01 0.456       
Upper 1.43 1.64 0.11 0.156       
     Lower 3.94 3.71 0.02 0.430       
     Imp Med 0.32 0.82 0.07 0.264       
Fem Troch 94 46 0.866 0.142 
Imp Hi 0.05 0.19 -0.02 0.439       
Upper 1.43 1.64 0.12 0.129       
     Lower 3.94 3.71 -0.01 0.459       
     Imp Med 0.30 0.97 0.10 0.222       
Tibia Prox 57 46 1.057 0.178 
Imp Hi 0.05 0.21 0.11 0.199       
Upper 1.47 1.67 0.18 0.089       
     Lower 3.90 3.65 0.22 0.049 0.50 0.25 0.17 0.01 0.94 0.337 
     Imp Med 0.30 0.97 -0.19 0.082       
Tibia Mid 57 46 1.731 0.217 
Imp Hi 0.05 0.21 -0.40 0.001 0.62 0.39 0.33 0.28 23.20 0.000 
Upper 1.47 0.17 0.15 0.142       
     Lower 3.90 3.65 0.17 0.099       
     Imp Med 0.30 0.97 0.03 0.422       
Tibia Dist 57 46 1.001 0.221 
Imp Hi 0.05 0.21 0.12 0.179       
Upper 1.47 1.67 0.27 0.023 0.40 0.16 0.08 0.03 1.91 0.173 
     Lower 3.90 3.65 0.12 0.179       
Significant correlations bold; Imp Hi=High Impact, Imp Med=Medium Impact, Upper=Upper Body and 
Lower=Lower Body; Fem=femur; UD=ultradistal; AP=anteroposterior; Troch=trochanter; 
Prox=proximal; Mid=middle; Dist=distal; all activity expressed in hours per week 
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d) 40-49 
For the final decade investigated, the number of subjects was comparatively small 
(N=37 maximum) and the “first pass” analysis detected five significant correlations, 
all but one for categories of Impact exercise (Tables 4.9 and 4.10). Midtibial bone 
mass was strongly negatively correlated with both Medium and High Impact exercise 
(both p<0.01) while a moderate positive correlation was found between Medium 
Impact and the distal tibia (p<0.05). Medium Impact exercise also correlated with 
total body BMD, a site also related positively to Hard Plus activity. After adjustment 
for covariates, only the negative relationships between impact activity and middle 
tibial bone mass contributed to the explained variance but by more than 40% in each 
instance (41 and 49% respectively). 
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Table 4.9: Relationships between physical activity and bone mass for the 40-49 
decade for Weight-Bearing, Moderate Plus, Hard Plus and Very Hard activities 
Historical Activity 40-49 years 
Weight-Bearing, Moderate+, Hard+, Very Hard Constant: Age, Lean, BMI, %Fat 
Dependent: BMD (g/cm2) Predictor Correlation Model Summary Change  
Bone Site N Age mean sd  mean sd r p R R2 R2ADJ R2 F p 
     Wt B 3.18 2.21 0.08 0.614       
Total Body 37 51 1.201 0.086 
Mod+ 1.51 1.46 0.22 0.185       
Hard+ 0.26 0.43 0.34 0.019 0.593 0.351 0.247 0.085 1.08 0.052 
     V Hard 0.15 0.26 0.23 0.084       
     Wt B 3.24 2.26 -0.11 0.558       
UD Radius 34 51 0.338 0.045 
Mod+ 1.44 1.44 0.10 0.565       
Hard+ 0.22 0.34 -0.16 0.386       
     V Hard 0.13 0.23 0.00 0.985       
     Wt B 3.24 2.21 -0.23 0.080       
AP Spine 36 51 1.255 0.186 
Mod+ 1.53 1.48 0.00 0.491       
Hard+ 0.27 0.43 0.12 0.247       
     V Hard 0.15 0.26 0.07 0.343       
     Wt B 3.26 2.23 0.01 0.469       
Prox Fem 35 51 1.009 0.152 
Mod+ 1.52 1.50 0.07 0.355       
Hard+ 0.27 0.44 0.18 0.145       
     V Hard 0.15 0.27 0.15 0.196       
     Wt B 3.26 2.23 -0.16 0.168       
Fem Neck 35 51 0.975 0.154 
Mod+ 1.52 1.50 -0.11 0.263       
Hard+ 0.27 0.44 0.18 0.150       
     V Hard 0.15 0.27 0.20 0.126       
     Wt B 3.26 2.23 -0.19 0.134       
Fem Ward 35 51 0.859 0.180 
Mod+ 1.52 1.50 -0.08 0.332       
Hard+ 0.27 0.44 0.21 0.116       
     V Hard 0.15 0.27 0.19 0.141       
     Wt B 3.26 2.23 -0.05 0.381       
Fem Troch 35 51 0.856 0.138 
Mod+ 1.52 1.49 0.07 0.337       
Hard+ 0.27 0.44 0.21 0.117       
     V Hard 0.15 0.27 0.16 0.179       
     Wt B 3.05 1.95 0.11 0.309       
Tibia Prox 24 50 0.996 0.208 
Mod+ 0.11 0.16 -0.09 0.346       
Hard+ 1.31 .1.32161 0.17 0.223       
     V Hard 0.19 0.27 -0.30 0.091       
     Wt B 3.05 1.95 -0.25 0.126       
Tibia Mid 22 50 1.682 0.267 
Mod+ 1.31 1.32 0.12 0.296       
Hard+ 0.21 0.27 -0.13 0.290       
     V Hard 0.19 0.27 -0.13 0.280       
     Wt B 3.05 1.95 0.090 0.341       
Tibia Dist 22 50 0.978 0.270 
Mod+ 1.31 1.32 0.25 0.134       
Hard+ 0.21 0.27 0.00 0.497       
     V Hard 0.19 0.27 0.00 0.498       
Significant correlations bold; Wt B=Weight-Bearing; Mod+=Moderate Plus; Hard+=Hard Plus;               
V Hard=Very Hard; Fem=femur; UD=ultradistal; AP=anteroposterior; Troch=trochanter; Prox=proximal; 
Mid=middle; Dist=distal; all activity expressed in hours per week 
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Table 4.10: Relationships between physical activity and bone mass for the 40-49 
decade for High Impact, Medium Impact, Upper Body and Lower Body activities 
Historical Activity 40-49 years 
High & Medium Impact, Upper& Lower Body Constant: Age, Lean, BMI, %Fat 
Dependent: BMD (g/cm2) Predictor Correlation Model Summary Change 
Bone Site N Age mean sd  mean sd r p R R2 R2ADJ R2 F p 
     Imp Med+ 0.20 0.43 0.34 0.018 0.497 0.247 0.133 0.082 3.62 0.066 
Total Body 37 51 1.201 0.085 
Imp Hi+ 0.05 0.18 0.10 0.530       
Upper 1.34 1.30 0.11 0.505       
     Lower 3.07 1.97 0.06 0.657       
     Imp Med 0.15 0.35 -0.23 0.191       
UD Radius 35 51 0.338 0.046 
Imp Hi 0.05 0.19 -0.20 0.275       
Upper 1.29 1.31 0.07 0.731       
     Lower 3.13 2.01 -0.07 0.774       
     Imp Med 0.20 0.44 0.12 0.232       
AP Spine 37 51 1.254 0.184 
Imp Hi 0.05 0.19 0.06 0.356       
Upper 1.36 1.31 -0.08 0.319       
     Lower 3.13 1.97 -0.22 0.099       
     Imp Med 0.20 0.45 0.18 0.148       
Prox Fem 36 51 1.008 0.150 
Imp Hi 0.05 0.19 -0.01 0.469       
Upper 1.34 1.32 0.02 0.464       
     Lower 3.16 1.99 -0.07 0.355       
     Imp Med 0.20 0.45 0.15 0.185       
Fem Neck 36 51 0.975 0.154 
Imp Hi 0.97 0.15 0.05 0.189       
Upper 1.34 1.32 -0.14 0.211       
     Lower 3.16 1.99 -0.19 0.144       
     Imp Med 0.20 0.45 0.16 0.166       
Fem Ward 36 51 0.856 0.178 
Imp Hi 0.05 0.19 0.01 0.480       
Upper 1.34 1.32 -0.13 0.225       
     Lower 3.16 1.98 -0.23 0.090       
     Imp Med 0.20 0.45 0.19 0.128       
Fem Troch 36 51 0.854 0.136 
Imp Hi 0.05 0.19 -0.04 0.416       
Upper 1.34 1.32 0.00 0.499       
     Lower 3.16 1.99 -0.12 0.247       
     Imp Med 0.11 0.16 -0.09 0.346       
Tibia Prox 23 50 1.000 0.204 
Imp Hi 0.02 0.09 0.12 0.295       
Upper 1.30 1.37 0.14 0.265       
     Lower 3.10 1.78 0.01 0.480       
     Imp Med 0.11 0.16 -0.61 0.001 0.699 0.489 0.347 0.410 14.44 0.001 
Tibia Mid 23 50 1.682 0.267 
Imp Hi 0.02 0.09 -0.59 0.001 0.764 0.557 0.427 0.489 18.78 0.000 
Upper 1.30 1.37 -0.07 0.370       
     Lower 3.10 1.78 -0.05 0.421       
     Imp Med 0.11 0.16 0.42 0.020 0.512 0.262 0.057 0.096 2.35 0.143 
Tibia Dist 23 50 0.978 0.270 
Imp Hi 0.02 0.09 0.17 0.220       
Upper 1.30 1.37 0.37 0.041 0.548 0.300 0.095 0.101 2.45 0.136 
     Lower 3.10 1.78 0.12 0.305       
Significant correlations bold; Imp Hi=High Impact, Imp Med=Medium Impact, Upper=Upper Body 
Lower=Lower Body; Fem=femur; UD=ultradistal; AP=anteroposterior; Troch=trochanter; 
Prox=proximal; Mid=middle; Dist=distal; all activity expressed in hours per week 
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4.3.4 Relationships between bone mass and functional measures 
4.3.4.1 Strength 
a) Isokinetic strength 
Table 4.11 presents the results for the isokinetic tests conducted on the quadriceps 
and hamstring muscle groups at 300 per second revealing the expected greater mean 
magnitudes for the eccentric form. More importantly, it shows the pattern of simple 
and adjusted correlations detected between bone mass and maximum isokinetic 
torque. Dependent variables (bone mass) appear on the left, predictors (independent 
variables) and their unadjusted correlations with bone mass are in the centre. The 
covariate model incorporating age, lean mass, BMI and %Fat (constants) and any 
significant additions to the variation predicted by the model provided by independent 
variables, appear on the right. 
Summarizing the results for the quadriceps first, both concentric and eccentric 
maximum quadriceps strength correlated significantly with bone mass at the total 
body, spine and all femoral sites (0.05>p<.001). In addition, eccentric quadriceps 
strength correlated with radial bone mass while concentric strength correlated 
significantly with the proximal tibia (p=0.001, 0.028 respectively). The only 
relationship that added to the variance explained by the covariate model was 
eccentric quadriceps strength, curiously, with the radius (p=0.006) adding 
approximately 13% to the prediction. The hamstring muscles produced fewer 
unadjusted significant correlations with the various bone sites than their antagonists 
(quadriceps) with the concentric mode featuring much more frequently than the 
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eccentric mode. The former produced modest significant positive correlations with 
total body, radius, proximal femur, femoral neck and Wards (r =0.24 to 0.31), while 
for the latter, similarly-sized correlations were detected but only with the radius and 
femoral trochanter. None of the hamstring measures were significant independent 
predictors. 
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Table 4.11: Relationships between bone mass and measures of isokinetic strength in 
the quadriceps and hamstring muscle groups 
Isokinetic 
Quadriceps & Hamstrings Concentric & Eccentric Strength Constant: Age, Lean, BMI, %Fat 
Dependent: BMD (g/cm2) Predictor:  Correlation Model Summary Change 
Bone Site N Age mean sd  mean sd r p R R2 R2ADJ R2 F p 
 
Total Body 
 
 
 
58 
 
 
 
41 
 
 
 
1.201 
 
 
 
0.075 
 
 
Quads Ecc 131 31 0.25 0.031 0.404 0.163 0.081 0.028 1.72 0.196 
Quads Con 114 28 0.33 0.005 0.421 0.177 0.100 0.043 2.80 0.100 
Hams Ecc 59 14 0.17 0.101       
Hams Con 52 17 0.24 0.032 0.391 0.153 0.073 0.019 1.19 0.281 
 
UD Radius 
 
 
 
54 
 
 
 
41 
 
 
 
0.356 
 
 
 
0.049 
 
 
Quads Ecc 131 32 0.40 0.001 0.524 0.274 0.197 0.126 8.14 0.006 
Quads Con 114 29 0.33 0.007       
Hams Ecc 59 15 0.30 0.014 0.444 0.197 0.111 0.048 2.83 0.099 
Hams Con 53 18 0.25 0.035 0.42 0.177 0.091 0.031 1.21 0.278 
 
AP Spine 
 
 
 
54 
 
 
 
41 
 
 
 
1.246 
 
 
 
0.155 
 
 
Quads Ecc 132 31 0.28 0.022 0.393 0.154 0.064 0.057 3.16 0.082 
Quads Con 116 28 0.23 0.048 0.319 0.101 0.010 0.015 0.79 0.378 
Hams Ecc 60 14 0.18 0.102       
Hams Con 54 17 0.22 0.052       
 
Prox Fem 
 
 
 
54 
 
 
 
41 
 
 
 
1.012 
 
 
 
0.135 
 
 
Quads Ecc 131 32 0.35 0.006 0.477 0.228 0.146 0.063 3.84 0.056 
Quads Con 114 28 0.34 0.006 0.446 0.199 0.117 0.049 3.03 0.088 
Hams Ecc 59 15 0.23 0.051       
Hams Con 53 18 0.26 0.027 0.268 0.072 0.036 0.059 3.29 0.076 
 
Fem Neck 
 
 
 
54 
 
 
 
41 
 
 
 
0.981 
 
 
 
0.138 
 
 
Quads Ecc 131 32 0.28 0.020 0.491 0.241 0.160 0.047 2.89 0.096 
Quads Con 114 28 0.31 0.012 0.442 0.196 0.113 0.028 0.17 0.201 
Hams Ecc 59 15 0.15 0.148       
Hams Con 53 18 0.31 0.011 0.458 0.210 0.129 0.041 2.57 0.115 
 
Fem Ward 
 
 
 
54 
 
 
 
41 
 
 
 
0.891 
 
 
 
0.162 
 
 
Quads Ecc 131 32 0.25 0.033 0.517 0.267 0.189 0.036 2.33 0.134 
Quads Con 114 28 0.33 0.006 0.511 0.261 0.186 0.052 3.47 0.068 
Hams Ecc 59 15 0.16 0.121       
Hams Con 53 18 0.31 0.012 0.493 0.243 0.166 0.034 2.22 0.142 
 
Fem Troch 
 
 
 
54 
 
 
 
41 
 
 
 
0.842 
 
 
 
0.115 
 
 
Quads Ecc 131 32 0.34 0.007 0.502 0.252 0.172 0.048 3.02 0.089 
Quads Con 114 28 0.33 0.006 0.491 0.241 0.164 0.043 2.75 0.103 
Hams Ecc 59 15 0.25 0.037 0.460 0.212 0.128 0.008 0.49 0.487 
Hams Con 53 18 0.20 0.076       
 
Tibia Prox 
 
 
 
50 
 
 
 
40 
 
 
 
1.070 
 
 
 
0.168 
 
 
Quads Ecc 130 32 0.18 0.112       
Quads Con 114 29 0.27 0.028 0.367 0.135 0.039 0.013 0.67 0.417 
Hams Ecc 60 15 0.15 0.160       
Hams Con 54 18 0.14 0.167       
 
Tibia Mid 
 
 
 
50 
 
 
 
40 
 
 
 
1.750 
 
 
 
0.170 
 
 
Quads Ecc 130 32 -0.07 0.319       
Quads Con 114 29 0.15 0.147       
Hams Ecc 60 15 0.04 0.397       
Hams Con 54 18 0.12 0.195       
 
Tibia Dist 
 
 
 
50 
 
 
 
40 
 
 
 
1.011 
 
 
 
0.197 
 
 
Quads Ecc 130 32 -0.02 0.460       
Quads Con 114 29 0.12 0.206       
Hams Ecc 60 15 0.12 0.203       
Hams Con 54 18 0.14 0.160       
Significant correlations bold; Quads=Quadriceps; Hams=Hamstrings; Con=Concentric; Ecc=Eccentric; 
(Newton Meters); Fem=femur; UD=ultradistal; AP=anteroposterior; Troch=trochanter; Prox=proximal; 
Mid=middle; Dist=distal 
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b) Isotonic strength 
Tables 4.12 and 4.13 present the results of the regression analyses conducted using 
a large number of exercises to explore relationships between maximum isotonic 
strength and bone mass. The results have been tabulated on the basis of “site” with 
the first two tables presenting the results for exercises targeting upper body strength 
(“elbow strength”) in the first and a combination of elbow and “shoulder” strength in 
the second. The third table deals with “lower body” strength. Taking each table in 
turn, for the elbow exercises (Table 4.12), there were a number of significant positive 
correlations detected before adjustment (r =0.22 to 0.41) with the strongest between 
triceps curl and radial bone mass and the pulley punch with the middle tibia (r =0.41 
p<0.001 both). Only these two exercises added to the variance explained by the 
covariate model, the triceps curl adding a little over six percent at the radius and the 
pulley punch 7.7% for the middle tibia. For the second set of upper body exercises 
(Table 4.13), the unadjusted significant correlations were generally weaker than 
those found for the “elbow” exercises (r =0.2 to 0.35) and none were independent 
predictors of bone mass at any site though the relationship between the chest press 
and the mid tibia (r =0.35) approached significance, explaining an additional 5.6% of 
the variance (p=0.052). Interestingly, many of the unadjusted significant correlations 
were found for tibial sites and only one for the spine. 
For lower body exercises (Table 4.14), a relatively small number of significant 
unadjusted positive correlations were detected. The vertical jump featured most 
frequently, correlating significantly with the radius, spine, femoral neck and Wards    
(r =0.25 to 0.45) but perhaps surprisingly, not with any tibial site. The leg press 
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correlated significantly with the spine while leg extension and leg curl both correlated 
with the proximal tibia (p<0.05 for all). The vertical jump was the only independent 
predictor adding 16% to the covariate model at the radius (p<0.01). 
Table 4.12: Relationships between bone mass and upper body strength I 
Isotonic 
Upper Limb: biceps curl, triceps, pulley punch Constant: Age, Lean, BMI, %Fat 
Dependent: BMD (g/cm2) Predictor: Correlation Model Summary Change 
Bone Site N age mean sd  mean sd r p R R2 R2ADJ R2 F p 
Total Body 
 
    biceps 11.0 2.7 0.00 0.935       
72 42 1.208 0.074 triceps 18.2 4.2 0.25 0.018 0.333 0.111 0.044 0.003 0.26 0.613 
    punch 44.0 12.1 -0.02 0.454       
UD Radius 
 
    biceps 11.0 2.7 0.13 0.140       
65 42 0.355 0.046 triceps 18.4 4.3 0.41 0.000 0.454 0.206 0.139 0.064 4.79 0.033 
    punch 44.1 12.6 0.12 0.712       
AP Spine 
 
    biceps 11.0 2.8 0.08 0.264       
68 42 1.258 0.149 triceps 18.3 4.3 0.25 0.018 0.315 0.099 0.027 0.013 0.91 0.345 
    punch 44.0 12.4 -0.04 0.387       
Prox Fem 
 
    biceps 11.1 2.8 0.02 0.44       
68 42 1.019 0.130 triceps 18.3 4.3 0.16 0.09       
    punch 44.0 12.4 -0.02 0.43       
Fem Neck 
 
    biceps 11.1 2.8 -0.01 0.479       
68 42 0.993 0.135 triceps 18.3 4.3 0.14 0.129       
    punch 44.0 12.4 0.03 0.413       
Fem Ward 
 
    biceps 11.0 2.7 0.05 0.345       
67 42 0.899 0.157 triceps 18.2 4.2 0.22 0.036 0.390 0.152 0.082 0.001 0.06 0.806 
    punch 44.0 12.4 0.03 0.395       
Fem Troch 
 
    biceps 11.0 2.7 0.04 0.359       
67 42 0.852 0.114 triceps 18.2 4.2 0.20 0.052       
    punch 44.0 12.4 0.01 0.481       
Tibia Prox 
 
    biceps 11.1 2.7 0.28 0.014 0.412 0.170 0.094 0.019 1.27 0.265 
59 41 1.076 0.162 triceps 18.7 4.4 0.31 0.009 0.402 0.162 0.083 0.013 0.79 0.378 
    punch 44.5 12.2 0.28 0.021 0.366 0.134 0.043 0.027 1.51 0.225 
Tibia Mid 
 
    biceps 11.1 2.7 0.36 0.002 0.448 0.201 0.128 0.039 2.71 0.106 
59 41 1.753 0.165 triceps 18.7 4.4 0.29 0.014 0.412 0.170 0.091 0.000 0.00 0.948 
    punch 44.5 12.2 0.41 0.001 0.439 0.192 0.108 0.077 4.60 0.037 
Tibia Dist 
 
    biceps 11.1 2.7 0.05 0.341       
59 41 1.012 0.914 triceps 18.7 4.4 0.23 0.037 0.374 0.144 0.063 0.006 0.37 0.544 
    punch 44.5 12.2 0.09 0.248       
Significant correlations bold; Fem=femur; UD=ultradistal; AP=anteroposterior; Troch=trochanter; 
Prox=proximal; Mid=middle; Dist=distal; strength in kilograms 
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Table 4.13: Relationships between bone mass and upper body strength II 
Isotonic 
Chest Press, Upright Rows, Lat Pull down Constant: Age, Lean, BMI, %Fat 
Dependent: BMD (g/cm2) Predictor Correlation Model Summary Change 
Bone Site N Age mean sd  mean sd r p R R2 R2Adj R2 F p 
Total Body 
 
 
73 
 
 
41 
 
 
1.207 
 
 
0.075 
 
Chest 27.1 7.4 0.14 0.117       
Rows 27.9 7.8 0.20 0.042 0.217 0.047 0.020 0.047 3.47 0.067 
Lats 53.5 10.2 0.18 0.069       
UD Radius 
 
 
66 
 
 
42 
 
 
0.354 
 
 
0.046 
 
Chest 27.1 7.7 0.31 0.052       
Rows 27.9 7.7 0.23 0.196       
Lats 53.6 10.5 0.27 0.015 0.382 0.146 0.075 0.007 0.51 0.479 
AP Spine 
 
 
69 
 
 
42 
 
 
1.259 
 
 
0.148 
 
Chest 27.1 7.6 0.20 0.052       
Rows 28.1 8.0 0.14 0.128       
Lats 53.6 10.4 0.19 0.060       
Prox Fem 
 
 
69 
 
 
41 
 
 
1.016 
 
0.130 
 
Chest 27.1 7.6 0.16 0.089       
Rows 28.2 8.0 0.05 0.349       
Lats 53.7 10.4 0.18 0.066       
Fem Neck 
 
 
69 
 
 
41 
 
 
0.992 
 
 
0.133 
 
Chest 27.1 7.6 0.17 0.076       
Rows 28.2 8.0 0.08 0.252       
Lats 53.7 10.4 0.15 0.116       
Fem Ward 
 
 
68 
 
 
41 
 
 
0.898 
 
 
0.154 
 
Chest 27.0 7.6 0.23 0.027 0.386 0.149 0.081 0.002 0.15 0.698 
Rows 28.0 8.0 0.10 0.207       
Lats 53.4 10.1 0.25 0.022 0.372 0.139 0.069 0.001 0.05 0.830 
Fem Troch 
 
 
68 
 
 
41 
 
 
0.850 
 
 
0.114 
 
Chest 27.0 7.6 0.15 0.109       
Rows 28.0 8.0 0.04 0.374       
Lats 53.4 10.1 0.23 0.033 0.396 0.157 0.089 0.002 0.18 0.675 
Tibia Prox 
 
 
60 
 
 
41 
 
 
1.072 
 
 
0.163 
 
Chest 27.5 7.8 0.32 0.006 0.448 0.201 0.128 0.050 3.43 0.069 
Rows 28.7 8.3 0.19 0.079       
Lats 54.1 10.8 0.30 0.010 0.414 0.171 0.096 0.021 1.38 0.245 
Tibia Mid 
 
 
60 
 
 
41 
 
 
1.747 
 
 
0.166 
 
Chest 27.5 7.8 0.35 0.003 0.466 0.218 0.146 0.056 3.93 0.052 
Rows 28.7 8.3 0.27 0.018 0.409 0.167 0.090 0.005 0.34 0.565 
Lats 54.1 10.8 0.31 0.008 0.414 0.172 0.096 0.010 0.66 0.419 
Tibia Dist 
 
 
60 
 
 
41 
 
 
1.013 
 
0.204 
 
Chest 27.5 7.8 0.07 0.294       
Rows 28.7 8.3 0.17 0.102       
Lats 54.1 10.8 0.10 0.221       
Significant correlations bold; Lats=Lat Pulldown; strength in kilograms; Fem=femur; UD=ultradistal; 
AP=anteroposterior; Troch=trochanter; Prox=proximal; Mid=middle; Dist=distal 
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Table 4.14: Relationships between bone mass and lower body strength 
Isotonic 
Leg Press, Leg Extension, Leg Curl, Vertical Jump Constant: Age, Lean, BMI, %Fat 
Dependent: BMD (g/ cm2) Predictor:  Correlation Model Summary Change 
Bone Site N Age mean sd  mean sd r p R R2 R2ADJ R2 F p 
Total Body 
 
 
73 
 
42 
 
 
1.206 
 
 
0.076 
 
L Press 110.8 25.5 0.16 0.093       
L Ext 41.1 10.6 0.14 0.115       
L Curl 20.1 5.4 0.08 0.259       
 60 42 1.206 0.075 V Jump 278.3 73.1 0.16 0.105       
 
UD Radius 
 
 
67 
 
 
41 
 
 
0.354 
 
 
0.046 
 
L Press 111.1 26.7 0.12 0.779       
L Ext 41.7 10.9 0.20 0.306       
L Curl 41.7 5.5 0.18 0.540       
 53 41 0.353 0.044 V Jump 277.3 73.6 0.45 0.008 0.555 0.308 0.234 0.162 11.01 0.002 
AP Spine 
 
 
69 
 
 
41 
 
 
1.258 
 
 
0.149 
 
L Press 111.0 26.1 0.20 0.048 0.306 0.094 0.023 0.008 0.59 0.447 
L Ext 41.5 10.8 0.17 0.084       
L Curl 20.2 5.5 0.10 0.213       
 56 41 1.256 0.144 V Jump 278.1 71.7 0.25 0.032 0.342 0.117 0.028 0.051 2.89 0.095 
Prox Fem 
 
 
69 
 
 
41 
 
1.015 
 
 
0.131 
 
L Press 111.0 26.1 0.10 0.199       
L Ext 41.5 10.7 0.12 0.153       
L Curl 20.3 5.5 0.05 0.337       
 56 41 1.014 0.130 V Jump 279.0 73.0 0.22 0.053       
 
Fem Neck 
 
 
69 
 
 
41 
 
 
0.991 
 
 
0.135 
 
L Press 111.0 26.1 0.09 0.233       
L Ext 41.5 10.7 0.12 0.154       
L Curl 20.3 5.5 0.09 0.244       
 56 41 0.991 0.135 V Jump 279.0 73.0 0.31 0.010 0.358 0.128 0.041 0.026 1.51 0.225 
 
Fem Ward 
 
 
69 
 
 
42 
 
 
0.897 
 
 
0.167 
 
L Press 110.7 26.2 0.16 0.101       
L Ext 41.4 10.7 0.17 0.082       
L Curl 20.2 5.4 0.15 0.108       
 55 41 0.902 0.161 V Jump 276.3 70.6 0.33 0.007 0.433 0.187 0.104 0.032 1.91 0.173 
 
Fem Troch 
 
 
68 
 
 
42 
 
 
0.850 
 
 
0.115 
 
L Press 110.7 26.2 0.14 0.128       
L Ext 41.4 10.7 0.11 0.190       
L Curl 20.2 5.4 0.02 0.442       
 55 41 0.851 0.113 V Jump 276.3 70.6 0.19 0.082       
 
Tibia Prox 
 
 
60 
 
 
41 
 
 
1.071 
 
 
0.162 
 
L Press 111.9 27.3 0.13 0.159       
L Ext 41.9 10.7 0.29 0.013 0.398 0.159 0.082 0.008 0.52 0.472 
L Curl 20.5 5.6 0.24 0.034 0.417 0.174 0.096 0.001 0.09 0.767 
 48 40 1.091 0.158 V Jump 281.0 72.4 0.01 0.256       
 
Tibia Mid 
 
 
60 
 
 
41 
 
 
1.746 
 
 
0.166 
 
L Press 111.9 27.3 0.12 0.183 0.415 0.172 0.097 0.010 0.69 0.410 
L Ext 41.9 10.7 0.23 0.041 0.405 0.164 0.088 0.002 0.13 0.717 
L Curl 20.5 5.6 0.32 0.007 0.443 0.197 0.121 0.017 1.11 0.297 
 48 40 1.761 0.177 V Jump 281.0 72.4 0.15 0.158       
 
Tibia Dist 
 
 
60 
 
 
41 
 
 
1.011 
 
 
0.203 
 
L Press 111.9 27.3 -0.01 0.475       
L Ext 41.9 10.7 0.14 0.149       
L Curl 20.5 5.6 0.13 0.163       
 48 40 0.996 0.129 V Jump 281.0 72.4 0.01 0.478       
Significant correlations bold; Ext=extension; V Jump=vertical jump in centimeters; L=leg; strength in 
kilograms; Fem=femur; UD=ultradistal; AP=anteroposterior; Troch=trochanter; Prox=proximal; 
Mid=middle; Dist=distal 
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c) Grip strength 
Table 4.15 presents the results for the regression analysis of grip strength (left and 
right) with aBMD and reveals a large number of small significant unadjusted 
correlations at various sites but none at the radius or the tibia. The significant 
unadjusted correlations were lowest at the lumbar spine (r =0.28) and highest at the 
total body (r =0.41). After adjustment, many remained as significant independent 
predictors. Thus both left and right grip strength were significant independent 
predictors for the total body, total femur, femoral neck, Wards, and trochanter adding 
between 7.4 and 16.6% to the variance explained by the covariate model. 
Table 4.15:  Relationships between grip strength and bone mass 
Isotonic 
Left & Right Grip Strength Constant: Age, Lean, BMI, %Fat 
Dependent: BMD ( g/cm2) Predictor Correlation Model Summary Change 
Bone Site N Age mean sd Grip mean sd r p R R2 R2ADJ R2 F p 
Total Body 
 
59 
 
41 
 
1.204 
 
0.078 
 
Left 27.7 6.9 0.39 0.001 0.496 0.246 0.175 0.136 9.56 0.003 
Right 29.7 6.0 0.41 0.001 0.526 0.276 0.208 0.166 12.15 0.001 
UD Radius 
 
55 
 
41 
 
0.346 
 
0.040 
 
Left 27.6 7.0 0.21 0.198       
Right 29.6 6.1 0.21 0.253       
AP Spine 
 
57 
 
41 
 
1.253 
 
0.148 
 
Left 27.9 7.0 0.32 0.007 0.431 0.186 0.106 0.055 3.46 0.069 
Right 29.7 6.1 0.28 0.018 0.415 0.172 0.091 0.042 2.58 0.114 
Prox Fem 
 
57 
 
41 
 
1.013 
 
0.128 
 
Left 27.8 7.0 0.33 0.006 0.501 0.251 0.178 0.104 7.10 0.010 
Right 29.7 6.1 0.33 0.006 0.506 0.256 0.184 0.110 7.52 0.008 
Fem Neck 
 
57 
 
41 
 
0.994 
 
0.128 
 
Left 27.8 7.0 0.37 0.002 0.455 0.207 0.129 0.109 7.03 0.011 
Right 29.7 6.1 0.38 0.002 0.457 0.209 0.132 0.112 7.20 0.010 
Fem Ward 
 
56 
 
41 
 
0.905 
 
0.147 
 
Left 27.6 6.9 0.30 0.013 0.523 0.274 0.201 0.074 5.09 0.028 
Right 29.6 6.1 0.34 0.005 0.542 0.294 0.224 0.095 6.71 0.013 
Fem Troch 
 
56 
 
41 
 
0.844 
 
0.118 
 
Left 27.6 6.9 0.33 0.007 0.593 0.352 0.287 0.121 9.33 0.004 
Right 29.6 6.1 0.34 0.005 0.613 0.376 0.314 0.145 11.60 0.001 
Tibia Prox 
 
47 
 
40 
 
1.075 
 
0.177 
 
Left 27.3 6.9 0.19 0.096       
Right 29.3 6.2 0.18 0.115       
Tibia Mid 
 
47 
 
40 
 
1.739 
 
0.197 
 
Left 27.3 6.9 0.15 0.162       
Right 29.3 6.2 0.12 0.209       
Tibia Dist 
 
47 
 
40 
 
0.981 
 
0.150 
 
Left 27.3 6.9 0.09 0.264       
Right 29.3 6.2 0.06 0.346       
Significant correlations bold; Grip strength in kilograms; Fem=femur; UD=ultradistal; 
AP=anteroposterior; Troch=trochanter; Prox=proximal; Mid=middle; Dist=distal 
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4.3.4.2 Cardiovascular fitness 
The results for these functional tests are presented in Table 4.16. Before adjustment, 
absolute MaxVO2 (ml/kg), provided the strongest and most frequent relationships 
with bone mass, producing significant positive correlations at nine of the 10 sites      
(r =0.26 to 0.46). The weakest of these was at the lumbar spine, where it was, 
however, the only variable to produce a significant correlation. Absolute MaxVO2   
also contributed the only significant correlations with the proximal and distal tibia      
(r =0.36 and 0.24 respectively). Of the remaining cardiovascular variables, 
%predicted MaxVO2 appeared to be the next most common variable to correlate 
significantly with bone mass, doing so at five sites: total body, femoral neck, Wards, 
trochanter and middle tibia (r =0.22 to 0.41). Interestingly, adjusting for body weight 
by dividing MaxVO2 by weight (relative MaxVO2), did not produce better correlations 
than the absolute measure. Indeed, the correlations produced were always weaker 
than those generated by absolute MaxVO2 at the same site and of about the same 
magnitude as those provided by %predicted MaxVO2. Peak power output generally 
contributed the fewest and weakest of the significant unadjusted correlations (femoral 
neck, Wards, middle tibia; r =0.24 to 0.33). Significant independent predictions of 
bone mass were ultimately provided by absolute MaxVO2 for the femoral neck and 
middle tibia adding six percent and 10% respectively to the covariate model, while 
%predicted MaxVO2 and relative MaxVO2 also added to the variance explained at the 
middle tibia (7.5 and 6.1% respectively). 
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Table 4.16: Relationships between bone mass and measures of cardiovascular 
fitness 
Cardiovascular Fitness 
Maximal Oxygen Uptake, Peak Power Output Constant: Age, Lean, BMI, %Fat 
Dependent: BMD( g/cm2) Predictor Correlation Model Summary Change 
Bone Site N Age mean sd  mean sd r p R R2 R2ADJ R2 F p 
 
Total Body 
 
 
 
66 
 
 
 
41 
 
 
 
1.207 
 
 
 
0.076 
 
 
MaxVO2  2032 568 0.34 0.003 0.37 0.14 0.07 0.04 2.83 0.097 
PPO (watts) 167 50 0.17 0.085       
%Pred VO2 118 28 0.22 0.035 0.33 0.11 0.04 0.02 0.99 0.324 
MaxVO2/kg 32 10 0.23 0.033 0.36 0.13 0.06 0.04 2.46 0.122 
 
UD Radius 
 
 
 
61 
 
 
 
41 
 
 
 
0.353 
 
 
 
0.045 
 
 
MaxVO2 2036 582 0.25 0.205       
PPO (watts) 168 52 0.14 0.768       
%Pred VO2 118 28 0.17 0.260       
MaxVO2/kg 32 10 0.24 0.305       
 
AP Spine 
 
 
 
62 
 
 
 
41 
 
 
 
1.262 
 
 
 
0.144 
 
 
MaxVO2 2039 584 0.26 0.022 0.32 0.11 0.03 0.00 0.19 0.668 
PPO (watts) 167 52 0.13 0.159       
%Pred VO2 118 28 0.10 0.215       
MaxVO2/kg 32 10 0.19 0.073       
 
Prox Fem 
 
 
 
62 
 
 
 
41 
 
 
 
1.017 
 
 
 
0.133 
 
 
MaxVO2 2046 582 0.30 0.010 0.33 0.11 0.03 0.02 1.51 0.224 
PPO (watts) 168 52 0.16 0.110       
%Pred VO2 118 28 0.21 0.050       
MaxVO2/kg 32 10 0.20 0.060       
 
Fem Neck 
 
 
 
62 
 
 
 
41 
 
 
 
0.993 
 
 
 
0.135 
 
 
MaxVO2 2046 582 0.41 0.001 0.41 0.17 0.09 0.06 4.34 0.042 
PPO (watts) 168 52 0.24 0.032 0.32 0.10 0.02 0.00 0.00 0.988 
%Pred VO2 118 28 0.34 0.004 0.40 0.16 0.08 0.05 3.49 0.067 
MaxVO2/kg 32 10 0.35 0.003 0.39 0.16 0.08 0.05 3.40 0.070 
 
Fem Ward 
 
 
 
61 
 
 
 
41 
 
 
 
0.902 
 
 
 
0.161 
 
 
MaxVO2 2018 542 0.43 0.000 0.45 0.21 0.13 0.05 3.19 0.080 
PPO (watts) 165 48 0.25 0.028 0.40 0.16 0.08 0.00 0.01 0.934 
%Pred VO2 118 28 0.23 0.035 0.41 0.17 0.09 0.01 0.41 0.525 
MaxVO2/kg 32 9 0.36 0.002 0.45 0.20 0.13 0.04 2.99 0.089 
 
Fem Troch 
 
 
 
61 
 
 
 
41 
 
 
 
0.848 
 
 
 
0.153 
 
 
MaxVO2 2018 542 0.35 0.003 0.44 0.20 0.12 0.04 0.26 0.115 
PPO (watts) 165 48 0.16 0.108       
%Pred VO2 118 28 0.22 0.045 0.41 0.16 0.09 0.01 0.33 0.568 
MaxVO2/kg 32 9 0.21 0.054       
 
Tibia Prox 
 
 
 
55 
 
 
 
40 
 
 
 
1.083 
 
 
 
0.163 
 
 
MaxVO2 2044 599 0.36 0.003 0.46 0.21 0.13 0.05 2.77 0.103 
PPO (watts) 169 53 0.17 0.106       
%Pred VO2 118 28 0.22 0.052       
MaxVO2/kg 32 10 0.19 0.085       
 
Tibia Mid 
 
 
 
55 
 
 
 
40 
 
 
 
1.752 
 
 
 
0.173 
 
 
MaxVO2 2044 599 0.46 0.000 0.53 0.28 0.20 0.10 7.08 0.011 
PPO (watts) 169 53 0.33 0.007 0.45 0.20 0.12 0.03 1.89 0.176 
%Pred VO2 118 28 0.41 0.001 0.53 0.28 0.20 0.10 7.05 0.011 
MaxVO2/kg 32 10 0.29 0.017 0.51 0.27 0.19 0.09 6.10 0.017 
 
Tibia Dist 
 
 
 
55 
 
 
 
40 
 
 
 
1.005 
 
 
 
 
 
 
MaxVO2 2044 599 0.24 0.040 0.32 0.10 0.01 0.04 2.35 0.132 
PPO (watts) 169 53 0.16 0.116       
%Pred VO2 118 28 0.22 0.053       
MaxVO2/kg 32 10 0.10 0.232       
Significant correlations bold; MaxVO2=maximum oxygen uptake (millilitres oxygen per minute); 
PPO=peak power output (watts); % PredVO2=VO2 as percentage of prediction for age and weight; VO2 
per kg=maximum oxygen uptake (millilitres oxygen per minute per kg body weight); Fem=femur; 
UD=ultradistal; AP=anteroposterior; Troch=trochanter; Prox=proximal; Mid=middle; Dist=distal 
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4.4 Discussion 
In light of the difficulties inherent in implementing appropriate longitudinal studies, 
retrospective and X-sectional investigations of the relationships between lifespan 
physical activity and the skeleton have been conducted to guide the preparation of 
non-pharmacological “prescriptions” for developing and preserving bone mass that 
are age and developmental stage-specific. In addition, numerous studies have linked 
certain body composition and anthropometric variables with bone mass which in 
some cases, can be linked directly with exercise (fat mass, lean mass, BMI) and 
these are commonly employed as covariates in retrospective studies to better isolate 
the effects of physical activity. The following section provides discussion seeking to 
explain the results obtained in the current investigation and attempting to place them 
within the context of previous findings. 
4.4.1 Body composition and anthropometric variables 
The results of the current investigation produced a large number of age-adjusted 
significant positive correlations between measures of body composition, 
anthropometry and bone density at various sites, but none for the distal radius. The 
later finding is apparently at odds with Reid’s (2002) review of the area which 
reported positive significant correlations (r =0.3 to 0.6) between body weight and 
BMD throughout the skeleton, between genders and across the adult lifespan. Some 
perspective on the relative strength of such relationships was provided by Travison et 
al., (2008) who found that relationships between cross sectional increases in BMC 
and increasing measures of body size in men (BMI, weight, waist circumference, fat 
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mass, lean mass) were strongest at the femoral neck and least at the distal radius. 
However, the same group (Chiu et al., 2009) reported that body composition data, 
particularly appendicular lean mass, was the most “powerful” explanatory factor 
among groups of determinants for “wrist” bone mass (distal one-third of the radius). 
In contrast, Miller’s group (2004) found no correlations between body composition 
(body weight, fat-free mass and fat mass) and the ultradistal radius in a group of 
young women, in agreement with the current work. Discrepancies between these 
reports can logically be attributed to the use of appendicular lean mass (Travison et 
al., 2008 ) rather than total body lean mass (Miller et al., 2004 and the current 
investigation). Lack of a weight supporting role for the forearm is likely part of the 
explanation for either absence of, or the appearance of weak correlations at this site. 
In addition, since the distal radius is commonly investigated, the fact that only two 
muscles attach and directly exert their pulls here (pronator quadratus, 
brachioradialis) may be relevant to the results for this site. Further discussion of the 
radius is provided under the heading “Grip strength” below. 
That height produced only a single small significant correlation (with AP spine BMD) 
agrees with the work of Lu et al., (2009) who found no correlations between height 
and total hip BMD but a significant positive correlation with spine BMD albeit about 
double the size of the one found in the present work (r =0.31 versus 0.16). Their 
study of 242 premenopausal women (30-40 years of age) found that lean body mass 
was the strongest independent predictor of aBMD at both the hip and spine, findings 
which agree with the present work for the spine but again with a much larger 
correlation (r =0.46 versus 0.28). The finding for total hip was similarly larger (r =0.53 
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versus 0.28). In fact, in the current work, the magnitudes of the correlations produced 
by lean mass, body weight and BMI were reasonably comparable at all sites other 
than the spine where only lean mass and height produced significant positive 
correlations. When fat and lean mass were compared, the latter consistently 
produced higher correlations, in agreement with previous work supporting a greater 
influence of lean mass on bone (Wang et al., 2005; Cui et al., 2007; Lu et al., 2009; 
Kohrt et al., 2009; Ho-Pham et al., 2010) though for total body BMD, the correlation 
was only about half the magnitude of that found by Kohrt’s group (2009) who used 
total body BMC as the dependent variable. In the same vein, Makovey et al., (2005) 
reported r’s of 0.45 and 0.73 for the relationships between total body BMC and total 
fat and total lean respectively in twin pairs with mean age less than 50 years. 
However, they found no significant relationships between lumbar spine BMD and 
either of these variables. 
There has been much debate about the relative contributions of fat and lean mass to 
the prediction of bone mass with Reid’s review article (2002 ) suggesting fat mass as 
the dominant determinant. Furthermore, Reid primarily citing the work of (Khosla et 
al., 1996), suggested that when bone mass is represented by BMC (a variable 
uncontrolled for body size), the relationship with lean mass is strongest but 
diminishes with a concomitant increase in the variance explained by fat mass when 
body size is accounted for in some way (e.g. using aBMD or volumetric BMD). This 
might account for some of the disparity in the size of the correlations found by Kohrt’s 
group and the current ones. However, despite the use of aBMD in the current work, 
the correlations identified for fat mass were smaller at all sites than those recorded 
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for lean mass, weight and BMI, a finding in agreement with (Wang et al., 2004) who 
reported similar findings and magnitudes for these relationships in a large group of 
younger women (N=921, 20-25 years of age). The disparity in findings regarding the 
relative contributions of these two tissue compartments to bone mass is highlighted 
further by the work of Miller et al., (2004) who found strong correlations between fat-
free mass and aBMD at the femoral neck and total body (r >0.5 both) but no 
relationship with fat mass at either. Furthermore Kim’s group (2011) found that the 
association between fat mass and total body BMC actually became negative if 
adjusted for age and weight which they contended was a means of removing the 
mechanical effect of body fat in their large sample of Korean men and women 
(N=1284 and 1758 respectively). Interestingly, Travison’s group (2008) reported that 
controlling for lean mass induced a negative association for either fat mass or BMI 
with hip strength in a large sample of ethnically diverse men (N=1219, mean age 
47.5 years). Putting their work into a practical context and emphasizing the 
importance of lean mass, Travison and colleagues (2008) suggested that 
maintenance of lean mass was the most promising strategy for maintaining bone 
health with advancing age.  Interestingly, in the current study, only total lean mass 
and height were significantly correlated with lumbar spine bone mass and the latter 
only weakly, a result at odds with those reported above by Khosla et al. (1996). 
On the basis of previous research and the current findings, it would appear that lean 
mass has a stronger relationship with bone mass than does fat mass, and is 
therefore an important variable to control for in seeking other determinants of bone 
mass. However, since lean mass did not correlate more strongly than body weight or 
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BMI, in the current work, both of these variables were also used as covariates in 
examining the relationships between physical activity and bone as discussed in the 
following sections. Finally, the similarities in the strengths of the correlations provided 
by lean mass, BMI and weight (the latter two being easy to measure) would appear 
to limit the utility of using an approximation of lean mass as a general “screening” 
variable for low bone mass/density. However, the work of Travison et al., (2008) 
suggested that measures such as weight, BMI, waist circumference and total fat 
mass were only associated with BMC up to a certain body size (at least in men) and 
(as already indicated), stressed the pre-eminence of lean mass as a determinant of 
BMC. 
4.4.2 Physical activity 
4.4.2.1. Relationships between historical physical activity and bone mass 
For the 10-19 decade only aBMD in the lower extremity was found to be related to 
any form of physical activity after adjustments for covariates. The significant 
relationship between the trochanteric region of the femur and Very Hard physical 
activity (seven METS or more) suggests that only very demanding activity produced 
an enduring “effect” at this predominantly trabecular site. The result is perhaps 
comparable with that obtained by Glynn’s team (1995) who studied older men finding 
that individuals reporting “high” historical physical activity had significantly greater 
aBMD at each of the femoral sites, though they did not partition their sample to the 
same degree for time (decades) nor category of activity. Perhaps a little difficult to 
place age-wise in the current discussion, Greendale and colleagues (1995) also 
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found greater aBMD at the total hip and its sub regions in subjects reporting the 
highest scores for lifelong recreational activities in a large sample of older men and 
women (N=1703, mean age 70.3 years). However, time periods for reporting physical 
activity were “teenage years” and ages 30 and 40 years. Summarizing several results 
from the longitudinal Amsterdam Growth and Health study (1977), van Mechelen et 
al., (1999) cited the work of Welton et al., (1994) in which energetic physical activity 
(rated in METs/week) during adolescence was a significant predictor of adult bone 
mass at age 27 years but only in males (N=84 males, 98 females). Importantly, only 
weight-bearing activities were “collected” under their categories of “light” (4 to 7 
METS), “medium heavy” (7 to 10 METS) and “heavy” (>10 METS) physical activity. 
Valentino et al., (2001) subsequently reclassified these activity data into Peak strain 
activities (PSPA) based upon GRFs, after which, significant independent 
relationships between lumbar spine bone aBMD and physical activity were found for 
ages 13, 14, 15 and 16 years as well as for the entire period (13 to 27 years of age), 
this time for both genders. Hence, the importance of considering the actual 
magnitude of any weight-bearing activity was emphasized which may relate to the 
failure of the Weight-Bearing category in the current work to provide any significant 
independent prediction of spinal bone mass. Much as Welton’s team (see above) had 
done, Ishikawa et al., (2000), studying the relationship between historical physical 
activity and bone mass, found a small significant adjusted (age, weight) positive 
correlation (r =0.22) between weight-bearing activity performed during the junior and 
senior high school years and lumbar spine aBMD in 83 Japanese women at mean 
age 47.8years. Their weight-bearing activity was tabulated under the simple 
dichotomy “0” (none or light weight-bearing) or “1” (weight-bearing activity). More 
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specifically related to the current results, Rideout et al., (2006) found that total activity 
during a similar period (12-18 years) was an independent significant predictor of 
proximal femoral aBMD in postmenopausal women, a finding seemingly at odds with 
Daly and Bass (2006) who found that total time (minutes) of physical activity between 
13 and 50+ years (lifetime) and 19 and 50 years (mid-adulthood) was not related to 
aBMD at any site. It should be recalled that the activity category Moderate Plus used 
in the present study could be considered a  “catch-all” incorporating Moderate, Hard 
and Very Hard activity and so could be seen as an indicator of “total” activity. Taken 
in this light, the dearth of significant contributions made by Moderate Plus activity in 
the 10-19 decade, agrees with the findings of Daly and Bass (2006) just cited, though 
they did find significant relationships between their “osteogenic index” for lifetime 
physical activity and geometric indicators of bone strength, features not accessible by 
DXA. In the current study, Very Hard activity actually constituted a reasonably large 
proportion of Moderate Plus activity in the 10-19 decade (approximately 25%2) which 
may account for its positive association with bone mass. Interestingly, for the tibia in 
the current work, only the shaft appeared to be related to physical activity during the 
earliest decade, with significant independent contributions to bone mass at this site 
being made by Weight-Bearing, Lower Body, Moderate Plus and perhaps 
paradoxically, Upper Body activity. It is logical to expect that the shaft of the tibia 
                                            
2 Mean weekly Moderate Plus hours divided by mean weekly Very Hard hours 
expressed as a percentage 
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experiences more torsional/shearing forces than its two epiphyses and may therefore 
be more sensitive to mechanical loading (e.g. Rantalainen et al., 2007). The tibia 
“sees” GRFs sooner than the proximal femur and also bears the pull of most of the 
muscles used to attenuate these forces at both the ankle and the knee joint and 
therefore may be a good “barometer” of mechanical loading in the lower extremities. 
The frequency with which “shin splints”, compartment syndromes and stress fractures 
affect this site support this view. There would appear to be few studies where the 
tibia has been investigated separately and therefore few data are available for 
comparison, however, Sayers et al., (2011) used the middle tibia in a cross-sectional 
study of bone mass and habitual physical activity in 1748 boys and girls (mean age 
15.5 years), employing accelerometers to approximate physical activity. They found 
that vigorous activity (6 METS) was positively related to cortical bone mineral content 
and geometry (pQCT) while light and moderate activity were not, findings which 
seem congruent with the current work. Lack of a positive bone response to 
general/total physical activity during youth was also suggested by the work of van 
Langendonck et al., (2003) who, reminiscent of the work of Daly and Bass (2006), 
found that only an “impact score” (based upon estimates of the GRFs associated  
with various sporting activities) achieved during adulthood (mean scores from 30, 35 
and 40 years of age) provided a significant independent predictor of total body and 
lumbar spine BMD in men after a follow-up of 27 years. The results of the current 
study and most of the others reported in this section are at odds with the findings     
of Rikkonen’s group (2006) who found that distance walked to and from school        
(a moderate impact activity with low metabolic cost) between the ages of nine and 
11years made a small but significant independent contribution to femoral bone mass 
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in perimenopausal women (Rikkonen et al., 2006) though the earlier age period 
studied may explain some of the differences. 
The failure of Impact exercise to leave an “impression” in the current study might be 
simply due to too little of this form of activity being practiced. For example, High 
Impact activity expressed as a percentage of Moderate Plus activity for each decade 
provided figures of roughly seven, six, three and three percent respectively. The fact 
that Medium Impact activities (after adjustment) did not produce any additional 
independent contribution to bone mass despite being more common (25% of 
Moderate Plus hours for the decade), suggests that higher magnitude loads more 
frequently applied are needed. Finally, one would expect the earliest period of 
reporting to be the most difficult to recall accurately in any retrospective study, that 
and the different approaches used to classify and measure physical activity, no 
doubt, add to the variations found between studies. 
Examination of the results from the second decade (20-29 years) appear to reinforce 
the importance of strenuous physical activity with Very Hard activity the only 
independent predictor for all femoral sites and also for the total body. This result 
appeared despite a halving of the proportion of Moderate Plus activity contributed by 
Very Hard activity (~13% compared with ~25% in the first decade). The fact that 
there were no independent predictors for any tibial site is hard to explain given its 
posited “responsiveness” to exercise suggested earlier. However, since the growing 
years are often suggested to be the period during which exercise effects on bone are 
maximal (MacKelvie et al., 2002), it might not be surprising to find a reduced effect at 
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different sites over a later time period. High Impact activities had dropped to around 
4% (as a proportion of Moderate Plus) and as suggested earlier, were likely too few 
to produce any detectable influence after many years. 
Very Hard activity continued to dominate in the penultimate decade (30-39) of the 
investigation, continuing to produce highly significant independent contributions to all 
femoral sites and to total body BMD, thereby reinforcing the notion that some degree 
of arduous activity is needed to produce a positive adaptation in bone. Indeed, Very 
Hard activity constituted just over 10% of Moderate Plus activity in this decade. The 
relatively strong negative correlation between High Impact activity and the tibial shaft 
is hard to explain given that this form of exercise constituted only about 3% of the 
weekly hours reported for Moderate Plus activity and also because this form of 
activity is generally considered to be osteogenic. Is the shaft of the tibia responding 
differently to exercise compared with its two epiphyses because of its different 
loading patterns and bone type (predominantly cortical)? Is it less able to mount a 
positive response when presented with High Impact activities on an inconsistent 
basis after the age of PBM? Perhaps it is necessary to perform this type of exercise 
relatively frequently to promote positive adaptations at this site. Unfortunately, the 
results of the impact exercise program (Chapter 5) can shed no light here, since the 
tibia was not scanned pre and post intervention. As previously noted, few studies 
appear to have specifically examined the tibia and therefore there are few data with 
which to make comparisons but the present results are interesting and warrant 
further study to determine whether the result is “real” or an artefact of the smaller 
numbers of participants and/or lack of precision with the scanning technique at this 
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site which had a relatively high co-efficient of variation in the repeat scan study 
performed prior to commencement of the research program (Chapter 2). Of course, it 
is important to accept that correlations do not prove cause and effect and perhaps 
one shouldn’t “overanalyse” such a result. 
The final decade (40-49) was dominated by strong negative correlations between 
middle tibial bone mass and both High and Medium Impact exercise which accounted 
for more than 40% of additional variance in each case. The same comments made 
about similar findings for the 30-39 decade are possibly more pertinent here given 
that these results were based upon the smallest number of subjects. However, 
possible artefacts notwithstanding, the findings support the notion that loading 
patterns and bone distribution at the tibial shaft drive different adaptations when 
compared with the epiphyses, an idea supported by the moderate positive correlation 
(r =0.42) between Medium Impact activity and distal tibial bone mass which added a 
non-significant 9.6% to the covariate model. 
4.4.3. Relationship between bone mass and functional measurements of 
strength and fitness 
a) Isokinetic strength 
In the current work, concentric quadriceps torque correlated significantly with all 
femoral sites before adjustment for covariates. Though not significant, the additional 
variance explained after adjustment, was approximately five percent at each site and 
at first glance, might lend some support to the concept of a site-specific effect of 
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muscle pull on bone mass. However, one would then expect to see stronger 
correlations between quadriceps strength and tibial bone mass since their actions are 
concentrated on its proximal end. In this vein, Madsen et al., (1993) using dual 
photon absorptiometry (DPA), found strong positive correlations between quadriceps 
isokinetic strength and proximal tibial bone mass in a group of 66 women (21-78 
years of age). Their step-wise linear regression led them to conclude that quadriceps 
strength was a better predictor of tibial BMD than age, height or weight. Similarly 
Vico et al., (1995) found that isokinetic thigh muscle torques (flexion and extension) 
were the best predictors of tibial cortical bone (QCT) in step-wise linear regression 
models with 55 postmenopausal women (mean age 73.9 years). This was also true 
for Wards (r =0.36) but not the other femoral sub-regions where other factors 
dominated (e.g. psoas muscle surface area for the total femur). Later, Sööt et al., 
(2005) investigated the relationship between quadriceps strength and “leg” bone 
mass (presumably the tibia but the site was not defined) using both isokinetic and 
isometric measurements. In the 129 female participants (17-40 years) grouped for 
different categories of physical activity and weight, they found that BMI and lean body 
mass generally appeared as the strongest predictors with strength the best predictor 
only for those classed as overweight. In the latter group, the combination of isokinetic 
and isometric strength explained 65% of the variance in “leg” bone mass. 
Ribom and collaborators (2004) explored the relationship between isokinetic 
concentric knee flexion and extension and total body BMD in young men and women 
(N=61 and 64 respectively, 21 years of age) and found strength to be the best single 
predictor using step-wise linear regression with weight, height, total lean and total fat 
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entered into the calculation. Interestingly their testing was performed at 900/sec, an 
angular velocity somewhat faster than usually used for measurements of maximum 
isokinetic strength. On the other hand, Miller’s group (2004) found no relationships 
between isokinetic strength of either the thigh or upper arm (eccentric and concentric, 
600/sec) and aBMD at three sites (total body, proximal femur, total forearm) after 
adjusting for regional fat free mass. Their unadjusted r’s were quite similar to those 
found in the current study though their subjects were younger (N=76 women, 20 
years of age). Though testing different muscle groups, and using postmenopausal 
subjects (N=62), Bayramoğlu et al., (2005 ) failed to find any significant relationships 
between lumbar spine BMD and isokinetic trunk strength but detected what they 
described as a weak significant correlation between femur aBMD and hip abductor 
strength (r =0.327). It should be noted that they only computed simple Pearson 
correlations and used T-scores as the dependent variable in their analyses. 
Departing from the use of isokinetic testing, Owings and colleagues (2002) used 
isometric dynamometry to explore relationships between aBMD of the proximal femur 
and lower extremity strength which produced significant unadjusted correlations of 
0.395 and 0.353 for maximum knee extension and flexion respectively in a sample of 
50 older women and 29 older men (over 70 years of age). When the results were 
normalized for height and weight (using allometric scaling), no significant correlations 
remained, prompting their conclusion that in older adults, body size is responsible for 
the relationship between aBMD of the proximal femur and maximum isometric 
strength. The results of the current study were similar though the subjects were 
younger (mean 39 years) and the mode of testing different (isokinetic). 
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It is difficult to draw conclusions from the foregoing discussion given the varying 
populations and measurement sites, however, on the basis of the current and 
previous research it is reasonable to suggest that there is no advantage provided by 
testing both maximum eccentric and concentric isokinetic strength of the quadriceps 
to predict proximal femoral bone mass despite the fact that maximum eccentric 
strength exceeds maximum concentric strength. Maximum isokinetic strength of the 
hamstring muscle group did not appear to provide a useful indicator of femoral or 
tibial bone mass. It should be said that none of the correlations detected in the 
current work were more than moderate at best and even the covariate model 
explained a modest 20 to 26% of the variance for the femoral sites (Table 4.17), 
much less than found by Sööt et al., (2005) for “leg BMC” for the combination of 
isokinetic and isometric quadriceps strength at 65% (cited above). However in the 
current work, concentric isokinetic quadriceps strength provided correlations that 
were at least as strong as those provided by each of the individual covariates at the 
proximal femur and being a functional measurement, perhaps provides information 
pertinent to fall prevention in addition to any relationships with bone mass. The failure 
to detect strong relationships between isokinetic strength and bone mass in the 
present work should not be taken to suggest that isokinetic training is not a practical 
approach for increasing bone mass, with positive effects demonstrated by previous 
work (Nickols-Richardson et al., 2007; Miller et al., 2007). 
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Table 4.17: Simple significant correlations produced by covariates and isokinetic 
quadriceps strength 
Femoral 
Site 
Total 
Fat 
Total 
Lean 
Weight BMI Concentric 
Quads 
Eccentric 
Quads 
%Variance explained 
by covariates 
Proximal 0.26 0.29 0.36 0.34 0.34  19.9 
Fem Neck 0.16 0.29 0.26 0.21 0.28  24.1 
Fem Wards 0.22 0.25 0.29 0.28 0.33  26.1 
Fem Troch 0.24 0.32 0.34 0.34 0.33 0.32 24.1 
Fem Neck=Femoral Neck; Fem Wards=Femoral wards; Fem Troch=Femoral Trochanter; Eccentric 
Quads=Eccentric quadriceps strength; Concentric Quads=Concentric quadriceps strength 
b) Isotonic Strength 
Considering the large array of isotonic strength tests carried out, there were few 
significant correlations detected and in many cases, these were counterintuitive, with 
upper extremity exercises producing significant correlations with lower body sites and 
the only independent predictors being the pulley punch (upper extremity) for the 
middle tibial site and the vertical jump for the radius. Potential explanations that might 
be tendered include lack of specificity and perhaps failure to produce maximum 
contractions. It is interesting that the tibia was the most common site for significant 
unadjusted correlations for both upper and lower extremity exercises and that the 
middle tibia was the only site at which leg extension and leg curl (flexion) exercises 
produced significant relationships, results that support earlier speculation that the 
tibial shaft might act as a “barometer” of mechanical loading. Finally, finding 
correlations between upper body strength and bone mass at lower extremity sites is 
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not illogical if considered in the light of the postural adjustments that usually 
accompany upper extremity activities that engage muscles in the lower extremities. 
c) Grip strength 
In early work (Bevier et al., 1989) detected moderate significant positive correlations 
between grip strength and both mid-radial and lumbar spine bone density in a group 
of older subjects (N=91 age range 61-84 years) using single and dual photon 
absorptiometry respectively. The magnitude of the correlation at the spine was 
comparable to that found in the current study (r =0.37 versus 0.32 current study) 
while the discordance in findings for the forearm itself (r =0.28 Bevier et al., 
nonsignificant current study) is logically explained by the different measurement sites 
(mid-radius for Bevier et al., ultradistal radius current). In the same year Sinaki et al., 
(1989) also reported a significant relationship between mid-radial bone mass and grip 
strength in a group of 63 postmenopausal women though they concluded (after 
normalizing for bone size), that the relationship was not strong enough to permit 
prediction of mid-radial bone mineral content for clinical decision making. Contrary to 
the latter finding, Kritz-Silverstein and Barrett-Connor (1994) concluded that grip 
strength was a marker of “overall” bone fragility in a large group of postmenopausal 
women (N=649) though they only measured bone mass at the lumbar spine and two 
radial sites (mid and distal). In terms of the relationship between strength and site-
specific bone density, Di Monaco et al., (2000) found grip strength to be the strongest 
independent predictor of distal radial BMD in 140 postmenopausal women after 
controlling for a large number of covariates including age, weight, height, BMI, 
calcium intake, and years since menopause. Their finding for the distal radius is at 
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odds with the present study where there was no indication of a site-specific effect of 
grip strength on radial bone mass. Lack of a relationship between grip strength and 
distal radial bone mass is supported by the work of both Ishikawa et al., (2000) and 
Bayramoğlu et al., (2005), cited previously with neither finding a significant 
relationship between grip strength and aBMD at this site. More recently, Frank et al., 
(2010) found that peak grip torques (whether measured isometrically or 
isokinetically), were not independent predictors of distal radial bone strength in a 
small mixed gender sample of 45 subjects (15 men, 63.9 years of age; 30 women, 
57.2 years of age). Turning to a much younger cohort, Chan et al., (2008) studied 
over 300 11 to 12 year-old boys and girls (Hong Kong) and found that grip strength 
was an independent predictor for spine and total body bone mass in boys and for 
spine and hip in girls after controlling for weight, height, pubertal development, 
weight-bearing activity and calcium intake. Interestingly, the relationships were 
stronger for BMC than for aBMD. They concluded that the grip strength/bone mass 
relationship was systemic which, given the different age groups, lends only partial 
support to the findings of the present study where grip strength was an independent 
predictor for aBMD at sub-regions of the proximal femur and total body. 
It would appear from the foregoing discussion that there is some support for grip 
strength as a general indicator of bone mass with the present work indicating that 
grip strength in combination with age, BMI, lean mass and %Fat explained around 
60% of the variance at the total proximal femur and 68% for the total body. The fact 
that each of the body composition variables produced correlations of similar 
magnitude suggests perhaps using a simple measure like BMI in combination with 
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grip strength might be useful in screening for low bone mass at these two sites. 
Finally, grip strength does not appear to reflect aBMD in the distal radius possibly 
due to the small number and size of muscles directly attaching here (two) and the 
predominance of trabecular bone which would be expected to adapt more by change 
in trabecular pattern (connectivity) rather than aBMD per se which would not be 
detected by DXA. 
d) Maximum oxygen uptake 
In an early study, (Pocock et al., 1986), reported a significant independent 
relationship between femoral neck aBMD (DPA) and MaxVO2 predicted from 
submaximal cycling in both pre and postmenopausal women (N=38 and 44 
respectively). They also found a contribution to lumbar spine aBMD in the post but 
not the premenopausal group, a finding not supported by Bevier et al. (1989) who 
found no relationship between relative aerobic capacity and this site for the women in 
their mixed gender study of 91 subjects (61-84 years of age). Vico et al., (1995) 
combined principle component analysis with multiple regression and reported that 
relative MaxVO2 was the best predictor of aBMD at the femoral neck, trochanter and 
total proximal femur in 55 postmenopausal women (mean age 73.54 years), 
explaining 18.3, 10.8 and 14.9% of the variance respectively, considerably larger 
proportions than found in the current study for femoral neck where the only significant 
independent predictor was absolute MaxVO2 which added 6.4% to the variance 
explained by the covariate model. However, in the current work, all measures of 
MaxVO2 (absolute; relative; percent of predicted maximum) were independent 
predictors of middle tibial bone mass, each adding about 10% to the covariate model. 
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Based upon these results, one might expect that increasing aerobic capacity might 
produce an improvement in lower extremity bone mass particularly at femoral and 
tibial sites, on the contrary, Stewart and colleagues (2005) found the opposite was 
true in a randomized control trial of 115 men and women (55-75 years). After six 
months, both men and women in a combined progressive strength and 
cardiovascular training group showed significant improvements in isotonic strength 
(one repetition maximum), MaxVO2 (relative), lean mass (% and total) and fat mass 
(% and total both reduced) compared with non-exercising controls. However, their 
exercising women had small but significant reductions from baseline for total body 
and trochanteric aBMD while controls showed no changes in aBMD at any site. The 
researchers suggested that the duration of the training program was probably 
insufficient to produce positive effects on bone. Perhaps the mixed results suggest a 
need for using higher impact style exercises when seeking to improve aerobic 
capacity and bone mass simultaneously (e.g. using weighted vests during 
walking/running) particularly in the light of studies finding that endurance running may 
be associated with low bone mass despite the associated multiple moderate impacts 
(e.g. Hind et al., 2006). 
4.5 Summary and Conclusions 
The main findings of the present investigation for each of the major components were 
as follows: 
1. In terms of anthropometric and body composition variables, total lean mass was a 
stronger predictor of bone mass at all sites than either total or %Fat, however, the 
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strengths of the relationships were smaller than those reported in most previous 
work and were no stronger than those furnished by BMI or weight. 
2. Historical physical activity/bone mass relations varied with decade studied, but 
the most consistent significant independent predictor was “Very Hard” activity 
(seven or more METS) at total body and femoral sites for each of the first three 
decades. 
3. High Impact activity produced significant independent negative predictions for 
tibial shaft bone mass for both of the final decades. 
4. “Weight-Bearing” and “Moderate Plus” (an indicator of total activity) categories of 
physical activity only contributed significant independent predictions of bone mass 
in the earliest decade. 
5. Measures of maximum isokinetic strength of the quadriceps and hamstring 
muscles were not independent predictors of bone mass at any site in the lower 
extremity, nor for the total body. 
6. Measures of maximum Upper and Lower Body isotonic strength were largely 
ineffective as independent predictors of bone mass with only two of nine 
exercises adding significant increases to the predictions provided by the 
combination of age, weight, BMI, total lean mass and %Fat (6.0% and 7.7%). The 
vertical jump was the only significant independent predictor from those exercises 
classed as “lower body” and for just one bone site (paradoxically the ultradistal 
radius). 
7. Grip strength was the best overall independent “general” predictor of bone mass, 
providing significant additions to the covariate model for the total body and all 
femoral sites ranging between seven and nearly 17%. 
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8. Of the various measures of cardiovascular fitness, MaxVO2 unadjusted for body 
weight provided the strongest independent predictions of bone mass, providing 
six and 10% additions to the covariate model at two sites (femoral neck and 
middle tibia). 
Conclusions 
1. For historical physical activity, arduous physical activity (seven METS or more) 
performed during the period 10-39 years is positively associated with bone mass 
at the total body and femur. Because of the relationships detected, it would 
appear that during the “growing years”, physical exercise should include a 
reasonably high proportion of weight-bearing activities. However, categories like 
“Weight-Bearing” and “Impact” should be more precisely defined by their 
associated ground reactions forces in order to detect any relationships between 
these variables and bone mass. 
2. There is little point in exploring historical exercise/bone mass relationships using 
estimates of “total physical activity” such as portrayed by the “Moderate Plus” 
category in the current investigation. 
3. Though the evidence does not warrant drawing a conclusion per se regarding the 
finding of relatively strong independent negative relationships between high 
impact exercise and the tibial shaft (30-49 age-period), this finding should prompt 
further investigation of the tibia’s response to exercise. 
4. Measures of isokinetic quadriceps strength produced simple unadjusted 
correlations with bone mass of about the same magnitude as those provided by 
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weight, BMI, fat and total lean mass but were not independent predictors. 
Therefore the utility of making such measures is related more to their association 
with both fall prevention and femoral bone mass. 
5. Maximum isotonic strength determined using a battery of simple upper and lower 
body exercises added little to the predictive power of the covariates and therefore 
this approach does not appear to have much utility in predicting bone mass. 
6. The findings regarding grip strength, support previous work suggesting that this 
simple measure is a useful indicator of bone mass for the total body and femur, 
particularly when combined with a body composition indicator such as BMI. 
7. Direct determinations of maximum oxygen uptake are time consuming and for the 
degree of insight they provide into bone mass, are not feasible as any form of 
screening test. 
Were one to try to predict current bone mass in a group of premenopausal women 
what would one look for on the basis of the findings of the present study? 
A history of participation in high metabolic cost activities during the primary and 
secondary school years consisting of weight-bearing activities; good grip strength in 
either hand; BMI in the normal range; high lean mass and perhaps good concentric 
quadriceps strength. 
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CHAPTER 5 
IMPACT EXERCISE AND BONE MASS IN 
PREMENOPAUSAL WOMEN 
5.1 Introduction 
Previous research indicates that the most efficacious exercise for the promotion of 
bone strength features loads that are sustained over brief periods, are unusual in 
their distribution, and are directed specifically (Turner and Robling 2003; Kohrt et al., 
2009). In addition, it would seem that high volumes (repetitions) are not necessary to 
promote a positive response with the mechanotransducing cells (osteocytes) 
becoming refractory after a relatively small number of stimuli and requiring a recovery 
period (Robling et al., 2002). These findings have led to the design and 
implementation of a number of specific exercise programs featuring varied jumping 
and landing exercises for “bone health”, often targeting primary school-aged children, 
due to the belief that the peripubertal years represent a “window of opportunity” for 
maximizing the exercise/bone response (MacKelvie et al., 2002). Postmenopausal 
women have also been exposed to this style of exercise with varying degrees of 
success with some programs achieving small increases in bone mass at clinically 
relevant sites (Welsh and Rutherford 1996; Wallace and Cumming 2000) and others 
having no effect (Bassey and Ramsdale 1995). However, a meta-analysis of impact 
loading studies in postmenopausal women found no evidence of positive outcomes 
for programs using either high impact or odd impact exercise alone, concluding that 
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“mixed loading” regimes were most effective in this population (Martyn-St James and 
Carroll 2009). Dalsky and colleagues’ early study of postmenopausal subjects would 
appear to support this contention, achieving increases in lumbar spine bone mass of 
over six percent using a mixed loading program of walking, jogging and stair climbing 
rather than high-impact exercise (Dalsky et al., 1988). Small gains or lack of skeletal 
changes in postmenopausal women in response to exercise are likely related in part, 
to a “dampening” of the skeleton’s responsiveness after menopause, even though it 
has been posited that this is not due to impaired mechano-responsiveness per se 
(Leppanen et al., 2008). 
Premenopausal women beyond the age of attainment of peak bone mass (PBM) 
might be considered an under-examined group, standing as they do between the two 
extremes (prepuberty and post menopause), but in need of sound recommendations 
for maximizing bone mass while the skeleton is still capable of responding effectively 
to non-pharmacologic interventions. Impact exercise training studies in such groups 
have generally found small positive effects (Vainionpää et al., 2005), in most cases 
using combinations of home-based and supervised exercise sessions. Given that 
adult women who enter menopause with low bone mass are at greater risk of 
osteoporosis after this event, it is important to find interventions that can restore 
and/or improve their skeletal status. Furthermore, it is important that any such 
interventions be feasible in terms of cost, time, equipment and prescription. 
Particularly pertinent to the current work, the effects of brief impact exercise on bone 
mass in premenopausal women were recently reviewed by Babatunde et al., (2012) 
via meta-analysis. They concluded that the hip but not the spine was amenable to 
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this approach with gains of between 0.36 and 0.64 standard deviations. Their 
analysis included only randomized controlled trials employing minimal supervision 
(less than 30% of sessions), sessions of no more than 30 minutes duration and 
ground reaction forces of between four and five BW, all features very similar to those 
reported in the current investigation. Their inclusion criteria resulted in a relatively 
small number of suitable studies (six) with a total pool of some 255 women thus 
indicating the need for further work on this type of exercise. 
The current study was designed to test the efficacy of a 68-week entirely home-
based progressively incremented impact exercise program for improving bone mass 
at clinically relevant sites in adult women with low bone mass for age at or beyond 
the age of attainment of PBM. To maximize feasibility and the need to allow for 
gradually increasing loads, simple dropping style exercises were chosen and trialled 
with the object of prescribing an exercise program that could be completed in less 
than 10 minutes per session and deliver peak vertical GRFs consistent with activities 
shown to provide an osteogenic stimulus (at least in the case of the lower 
extremities). In terms of the upper extremities, no threshold per se has been 
established and separating the effects of the muscular and impact components 
associated with the unilateral activities (tennis and squash) reviewed in Chapter 1 
has not been attempted. Interestingly, for gymnastics, a sport associated with high 
bone mass in the upper extremities (Fehling et al., 1995; Pollock et al., 2006), peak 
vertical GRFs through the upper extremities associated with various activities have 
been reported at between 1.5 and 3.6 BW (Daly et al., 1999). The forearm exercise 
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used in the current study involved arresting falls from a standing position against a 
vertical surface alternating left and right hands. 
5.2 Methods 
5.2.1 Subjects 
Exercise regimes were designed on the basis of pilot studies examining the peak 
vertical GRFs produced during bilateral and unilateral landings on the feet (step 
dropping) and bilateral impacts on the hands (falling to the floor from a kneeling 
position), using a forceplate. Data were provided by eight and seven university staff 
volunteers respectively (mean age ~30 years). For the home-based exercise 
programs (two), the subjects were volunteers from the first two studies (Chapters 3 
and 4) who were identified with below average bone mass for age (negative Z-scores 
for proximal femur, lumbar spine and/or ultradistal radius). Subjects were randomly 
assigned to either exercise (three groups) or control groups and subsequently pair-
matched on the bases of age, regional bone mass (Z-scores for spine, hip or radius) 
and BMI. This process yielded 22 low spine and 20 low hip pairs to evaluate the 
effectiveness of the Step Dropping program and 24 for the Forearm program (wall 
exercise) with some individuals participating in more than one program as discussed 
in Chapter two. For example, 12 subjects met the Z-score inclusion criteria for both 
the Forearm and the Step dropping programs and performed both, while some of the 
controls (10) were “shared” between programs where their characteristics were a 
good match for subjects in different programs. In total, at the commencement of the 
program, there were 107 subjects (52 exercisers, 55 controls). 
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The Hip and Spine exercise programs were “monitored” after approximately six 
months by bringing a sample of the exercisers (N=10) into the laboratory and 
measuring the peak vertical GRFs and TTPVFs that were being delivered by their 
programs while similar data were gathered for the Forearm exercise regime after the 
experimental period, using a small number of staff volunteers (N=5). 
5.2.2 Procedures 
Detailed descriptions for the design and implementation of each of the impact 
exercise regimes are provided in Chapter 2, however, a brief overview is provided 
below. 
5.2.2.1 Pilot studies to design exercise programs 
a) Hip and Spine protocol. 
An in ground forceplate and adjustable steps were utilized to trial bilateral and 
unilateral landings from increasing drop heights (8.5 to 63.5 cm, five cm increments) 
in eight volunteers. Six trials were performed at each height (three landings on each 
foot for unilateral landings) with the aim of identifying heights capable of delivering 
loads approximating five BW (or more), a magnitude previously associated with 
positive effects on bone mass (Nikander et al., 2009). It should be noted that this 
“osteogenic” load was associated with bilateral landing activities; hence the likelihood 
of reaching and exceeding this “set-point” for a positive bone effect can be expected 
to increase when similar loads are absorbed with unilateral impacts. Furthermore it is 
logical to assume that greater forces will be “seen” more proximally (e.g. hip and 
spine) with unilateral landings. 
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b) Forearm protocol 
The same parameters (peak vertical GRFs and TTPVF) were assessed using the 
same device and seven volunteers for a dropping exercise which involved arresting 
falls onto the forceplate from a kneeling position using two hands (six trials). This 
activity was chosen to direct loads predominantly through the radius. On the basis of 
discomfort/insecurity expressed by the subjects and the variability of the loading 
profiles associated with this exercise (see section 5.3.1), it was discarded and a 
unilateral exercise prescribed in which subjects arrested falls from a vertical standing 
position against a wall. Right and left upper extremities were used alternately in an 
attempt to provide greater impact forces for the targeted limbs than would be likely 
from a fall onto both hands from this position. The loads generated by this exercise 
were evaluated post hoc in a small number of volunteers using a portable forceplate 
mounted vertically against a solid internal brick wall. 
Sets of exercise steps were subsequently manufactured to be distributed to those 
subjects performing the step dropping protocol. The step heights and increments 
prescribed for the exercise program differed from those used in the pilot study and 
were chosen to allow for a progressive increase in loading in concert with the 
exercise prescription with the aim of gradually attaining a step height congruent with 
loads of approximately four BW after the first eight weeks of the program (Figure 
2.11, Chapter 2). All exercisers were trained in the correct performance of the 
relevant exercises and those in either the hip or spine group were given a set of 
adjustable steps. For the forearm exercises, the subject was placed in front of an 
appropriate wall and asked to extend arms forward at shoulder height until the finger 
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tips just touched the wall, the subject then placed one foot behind the other (toe to 
heal). This measurement was recorded and marked on the floor as the starting place 
of the exercise. 
5.2.2.2 Exercise prescription and compliance 
For each program, the aim was to gradually increase loading to deliver 80 impacts 
per session (40 for each foot or hand) during each of four sessions (days) by the end 
of the first 16 weeks. Step height (level) was also prescribed with a starting height of 
13.5 cm. Height (step level) was increased every eight weeks by one step as long as 
subjects were comfortable and able to perform the drop in the required fashion. An 
exercise log containing the exercise prescription (sets, and numbers of exercises, 
step height in the case of hip and spine protocol) and check boxes for recording 
details of all exercise sessions was provided to each exerciser. The prescription was 
based upon progressive resistance strength training principles (Nelson, 2002) with 
the objective of gradually increasing loads by modifying the number of repetitions 
and/or the number of sets of exercises and the height of drops. Compliance was 
based upon the data recorded by exercisers in the exercise log and subsequently 
represented as a percentage of the number of prescribed sessions completed 
between the two scans (average 68-weeks). Because of the time taken to complete 
the post-exercise measurements, exercisers were asked to continue to exercise until 
their post exercise DXA scans were completed leading to a variation in the duration 
of the exercise programs (mean 64, 69,and 70 weeks for Forearm, Hip and Spine 
respectively) 
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5.2.2.3 Program monitoring 
At the onset of the program, exercisers were provided with comprehensive 
explanations, demonstrations and familiarisation with the relevant exercise 
program(s). They were instructed to record all dropping/falling activity in the exercise 
log (see above) and all physical activity in an exercise diary (Appendix F). In addition 
they were asked to record any interruptions to the program, including those due to 
injuries, travel, sickness etc. in either the exercise log or the activity diary. Controls 
were provided with the same instrument with which to monitor physical activity over 
the course of the study. Both groups were asked to maintain normal activity patterns 
and to record any alterations to medication use, menstrual function and/or 
medical/surgical events that took place. Within the first trimester, phone contact was 
made with all exercisers to monitor progress and resolve queries/problems. A six-
month interview was scheduled for each exerciser to determine progress face-to-
face. 
Ten subjects who were engaged in the step dropping protocol attended a testing 
session after approximately six months and were assessed on a forceplate to provide 
a sense of how the program was operating “in the field”. It should be noted that the 
original in-ground forceplate used in the pilot study was decommissioned as a result 
of building refurbishment after the commencement of the exercise program and 
replaced by a portable model that was used in all subsequent evaluations.  
During the post-exercise visits for DXA scans, (controls and exercisers) interviews 
were conducted to check compliance with activity and menstrual records and in all 
cases a retrospective record of physical activity completed to complement 
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information that had been expected in the exercise diaries provided at the outset of 
the study. In addition, a CFQ was completed to approximate calcium intake over the 
course of the study (pages 167-168). 
5.2.2.4 Exercise and menstrual changes 
All subjects were asked to maintain customary physical activity patterns during the 
period of the experiment (other than the impact exercises program) and were asked 
to keep a daily “log” of their physical activity (Appendix F). In addition, all subjects 
completed a retrospective record of physical activity performed over the 12 months 
preceding the commencement of the impact exercise programs (“baseline” – 
Appendix G). The format was based upon the instrument used to gather data on 
historical leisure time physical activity (Study 2, Chapter 4).  The same instrument 
was completed by each subject upon returning for post-exercise DXA scans. 
Menstrual function for the duration of the exercise program was also determined 
retrospectively by asking each subject to recall the number of normal cycles and the 
occurrence of any menopausal symptoms. 
5.5.2.5 Calcium intake 
A calcium frequency questionnaire (CFQ) was used to approximate calcium intakes 
at baseline and at the completion of the exercise period. Baseline calcium intakes for 
the subjects in this study were quite low and all were advised of this fact and “tactics” 
recommended for improving the situation (appropriate foods and quantities, 
appropriate supplements). 
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5.2.2.6 Statistical analysis 
Independent samples t-tests were utilized to compare the exercise and control 
groups prior to commencement to confirm the matching process and for all 
comparisons of calcium intake. The end results were evaluated in two ways: pre to 
post-intervention change was assessed using paired samples t-tests for the control 
and intervention groups separately with associated effect size measures (Cohen’s d). 
The main test of the intervention effect was assessed using a series of 2 x 2 mixed 
factorial MANOVA’s. In each instance, the between subjects factor was treatment 
group (exercise, control), and the within-subjects factor was phase (pre, post). The 
phase by group interaction was reported as the main result of interest. To judge the 
effect of compliance, scatter plots of compliance against change in relevant aBMD 
were produced and correlations calculated. In all cases p<0.05 was set as the 
accepted level of significance.  
5.2.2.7 Limitations 
A number of limitations can be identified that should be considered when interpreting 
the results of this investigation: 
a) The subjects of the study all had negative Z-scores for the targeted bone sites and 
therefore the generalizability of the results to a “normal” population is limited.  
b) The number of subjects was relatively small. 
c) Pair matching between exercise and control subjects involved re-use of some 
individuals.  
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d) The pilot and monitoring studies were performed on two different groups, rather 
than on a subset of the experimental group. 
 
5.3 Results 
5.3.1 Pilot studies 
a) Step dropping exercise (Hip and Spine program) 
Maximum vertical GRFs and TTPVF associated with increasing drop heights for both 
bilateral and unilateral landings are presented in Tables 5.1 and 5.2 and in graphical 
form in Figure 5.1 to 5.4 
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Table 5.1: Means and standard deviations for peak vertical GRFs and TTPVF 
produced by eight subjects for bilateral landings from increasing heights 
Level  TTPVF Peak Vertical Force Body Weight 
Increment 
between levels 
Height (cm) (msec) Newtons (SD) % (SD) % 
1(8.5) 56 (14) 2619 (451) 411 (70)  
2 (13.5 ) 59 (10) 2858 (313) 440 (46) 19 
3 (18.5) 56 (14) 2972 (466) 459 (71) 19 
4 (23.5) 53 (13) 3330 (599) 518 (92) 59 
5 (28.5) 47 (13) 3526 (576) 547 (86) 29 
6 (33.5) 50 (13) 3636 (579) 558 (87) 11 
7 (38.5) 47 (6) 4036 (567) 627 (88) 69 
8 (43.5) 47 (15) 4266 (550) 660 (84) 33 
9 (48.5) 41 (8) 4423 (500) 685 (80) 25 
10 (53.5) 42 (12) 4658 (612) 714 (92) 29 
11 (58.5) 45 (9) 4738 (744) 757 (119) 43 
12 (64.5) 48 (6) 4822 (723) 773 (114) 16 
 
 
Figure 5.1: Changing vertical GRF (%Body Weight) with increasing drop heights with bilateral landing; 
each point represents the means of six landings for each subject from each step 
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Figure 5.2: Changing time to peak vertical force with increasing drop heights with bilateral landing; each 
point represents the means of six landings for each subject from each step 
 
Table 5.2: Means and standard deviations for peak vertical GRFs and TTPVF 
produced by eight subjects for unilateral landings from increasing heights 
Level TTPVF Peak Vertical Force Body Weight 
Increment 
between levels 
Height (cm) msec (SD) Newtons (SD) % (SD) % 
  1 (8.5) 72 (35) 1774 (166) 280 (27)  
  2 (13.5) 64 (9) 2207 (228) 345 (37) 29 
  3 (18.5) 59 (8) 2372 (230) 364 (36) 19 
  4 (23.5) 54 (7) 2637 (257) 407 (39) 59 
  5 (28.5) 50 (7) 2585 (357) 402 (55) -11 
  6 (33.5) 47 (9) 2922 (235) 447 (37) 69 
  7 (38.5) 51 (14) 3298 (439) 512 (71) 33 
  8 (43.5) 47 (4) 3521 (351) 544 (55) 25 
  9 (48.5) 51 (17) 3430 (404) 537 (64) -1.3 
10 (53.5) 48 (4) 3876 (453) 600 (69) 43 
11 (58.5) 46 (3) 3956 (351) 638 (62) 16 
12(63.5) 42 (6) 4302 (345) 695 (59) 57 
Figures are the means of six landings (three on each foot) for each subject 
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Figure 5.3: Changing vertical ground reaction forces (%Body Weight) with increasing drop heights with 
unilateral landings each point represents the means of six landings for each subject from each step 
 
 
Figure 5.4: Changing time to peak vertical force with increasing drop heights with unilateral landings 
each point represents the means of six landings for each subject from each step 
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same subjects did not generate the same peak vertical GRFs. In fact, the vertical 
ground reaction forces for the same heights were consistently less for one foot 
landings, on the order of one body weight or more in most instances (Table 5.3). The 
TTPVFs were somewhat longer in the single foot landing regime (average 52.5 
unilateral; 49.3 msec bilateral). 
b) Forearm Exercise 
Maximum vertical GRFs and TTPVF associated with increasing dropping heights for 
bilateral landings on the hands from a kneeling position are presented in Table 5.3 
while Figure 5.5 presents a typical force/time curve. These data were derived from 
seven subjects and represent the mean values from six landings for each subject. 
Table 5.3: Peak vertical GRFs and TTPVF for bilateral landings on a forceplate from 
a kneeling position 
Subject % Body Weight TTPVF 
 Mean (SD) Range Msec (SD) 
1 119(57) 39-219 55(9) 
2 43(14) 32-71 55(24) 
3 84(87) 29-327 39(21) 
4 59(22) 20-92 21(17) 
5 200(43) 123-250 33(4) 
6 42(15) 25-72 53(26) 
7 74(48) 34-188 24(14) 
Mean 89(18)  40(12) 
Note the large variations in GRFs (%BW) between and within individuals 
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      Time (msecs) ----------------- 
Figure 5.5: Typical force-time curve for a bilateral landing from a kneeling position 
 
On the basis of the inconsistent results and reported apprehension associated with 
this exercise, it was replaced with an exercise involving arresting falls against a wall 
from a standing position using a unilateral “landing” strategy. The rationale for this 
choice was the combination of: ease of performance, relative safety and the 
perception that it would still provide osteogenic loads given the use of a unilateral 
“landing” strategy. An indication of the loads engendered by these exercises was 
gained post hoc using a portable forceplate and the results are reported in section 
5.3.2. 
5.3.2 Monitoring 
a) Hip and Spine 
The results derived from 10 of the exercisers measured on a portable forceplate after 
six months are presented in Table 5.4. 
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Table 5.4: Peak vertical GRFs and TTPVF in 10 subjects monitored during the 
exercise period 
 Step Level and Height TTPVF (sd) Peak vertical GRF on each foot (%BW) 
N cm (SD) msec(SD) Right Left Mean of both  
10 1 (18.5) 45.0 (26) 243  (58) 253  (33) 248 
10 2 (28.5) 43.0 (28) 329  (65) 317  (56) 323 
9 3 (36.0) 36.0 (26) 400  (92) 391  (81) 395 
8 4 (43.5) 33.5 (24) 448 (142) 427 (101) 437 
1 5 (48.5) 35.5 400 433 417 
1 6 (53.5) 26.0 438 448 442 
TTPVF is the mean for both feet 
 
All of the subjects had passed level two (28.5 cm) and most (8) had reached level 
four in their programs which delivered peak vertical GRFs of approximately 4.4 BW to 
each foot. Of the ten subjects, only one had exceeded level four and her load profiles 
were very similar to the averages achieved at level four, though they represented 
increased loads for her. There would appear to be quite good symmetry for loading 
with little difference between right and left feet. Time to peak vertical force tended to 
decrease with increasing step height and was shorter on average than found during 
the pilot study. When the magnitudes of the loads obtained in the pilot and monitoring 
studies were compared for the same (or approximately the same) drop heights, the 
loads were smaller for the latter, ranging between 68 and 82% of the former (mean 
77%, Table 5.5). 
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Table 5.5: Comparisons between loads and TTPVFs produced during the pilot study 
in 10 exercisers after six months for unilateral landings on the feet 
Pilot Study Monitoring 
Drop Height  cm %BW TTPVF msec Drop Height cm %BW TTPVF msec 
18.5 364 59 18.5 248 45 
28.5 402 50 28.5 323 43 
33.5 447 47 
36 395 36 
38.5 512 51 
43.5 544 47 43.5 437 33.5 
48.5 537 51 48.5* 417 35.5 
53.5 600 48 53.5* 442 26 
*Based on a single subject 
 
b) Forearm 
The results of “post hoc” testing of the forearm exercise in five staff volunteers (mean 
age ~45 years) are presented in Table 5.6 The mean peak impact forces (PIF) 
delivered to each forearm approached one BW (91% and 81% left and right 
respectively) and ranged between 65% and 132% with time to reach peak force 
(TTPF) approximating 50 milliseconds on both sides. 
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Table 5.6: Peak impact forces and time to peak force in five subjects performing the 
forearm exercise program 
Subject Left forearm Right forearm  
No. TTPF (msec) % BW TTPF (msec) % BW 
1 53.46 83 * * 
2 48.11 92 54.23 94 
3 51.92 82 54.30 80 
4 43.32 98 38.63 82 
5 60.84 101 45.49 68 
Mean 51.53 (8.55) 91 (15) 48.16 (9.63) 81 (14) 
*Subject had a right shoulder injury. Figures are the means or six impacts on each hand 
 
5.3.3. Bone mass changes after exercise 
The sections that follow present the results for each of the exercise programs with 
baseline values first, followed by “Within group” changes (paired t-tests) for the 
target-bone, non-targeted bones and non-bone variables then “Between group” 
changes (MANOVA) under the same headings. Compliance for each exercise is 
presented at the end of each section. In all cases, observation of individual exercise 
logs revealed that all subjects had attempted to comply with the exercise 
prescription. In the case of the Hip and Spine groups (step dropping program), logs 
revealed that dropping heights had increased over the course of the program in all 
but one subject. The step levels reached (starting from 18.5cm) and the numbers of 
subjects reaching them were: 
a) Hip: 28.5cm (three subjects); 36cm (five subjects); 43.5cm (12 subjects)  
b) Spine: 18.5cm (one); 28.5cm (three); 36cm (four); 43.5cm (10); 48.5cm (four).  
No changes in bone area were detected at any site for any group. 
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5.3.3.1 Forearm exercise program 
Table 5.7 presents the baseline values for the exercise and control groups for bone 
mass, anthropometric variables, age and calcium intake and reveal that there were 
no significant differences between the groups at the commencement of the program 
(p>0.05 for all comparisons). Attempts to match on the basis of several variables 
(age, absolute bone mass, Z-scores and BMI) limited the accuracy that could be 
achieved in the matching process, however the lack of differences between the 
groups for any of the relevant variables at baseline, suggests that the process was 
successful. This comment obviously also applies to the Hip and Spine exercise 
program. The 24 exercisers comprised eight swimmers and 16 other volunteers from 
Studies 1 and 2, while for the control group, the numbers were 11 and 13 
respectively.  
Though attempts were made to arrange for all subjects in each of the low bone mass 
groups to have DXA scans at bone sites other than the one targeted by the assigned 
exercise program (distal radius, lumbar spine or proximal femur) this was not always 
possible simply due to an inability to arrange suitable times. For example, three visits 
were necessary to complete all scans over a three or four week period with the 
targeted site scanned in the first session. This resulted in variable N’s reported for 
these variables for each of the groups. In no case was a missing scan due to injury. 
Within (t-tests) and between groups (MANOVA) comparisons for changes in all 
variables for the forearm exercise program are presented in Tables 5.8 to 5.10 and 
Figure 5.6. 
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Table 5.7: Baseline values for forearm exercisers and controls for bone and non-
bone variables 
Baseline: Forearm Study Exercisers (X) Controls (C) Difference 
Variable N Mean sd Mean sd X-C p 
UD Radius (BMD)      # 24 0.317 0.021 0.322 0.024 0.005 0.214 
UD Radius (Z)            # 24 -1.63 0.57 -1.50 0.65 0.13 0.181 
UD Radius (T) 24 -1.63 0.57 -1.51 0.65 0.12 0.210 
AP Spine (BMD) 21 1.179 0.127 1.121 0.118 0.058 0.116 
AP Spine (Z) 21 -0.12 1.19 -0.53 1.03 0.41 0.165 
AP Spine (T) 21 -0.18 1.06 -0.66 0.99 0.49 0.115 
Prox Femur (BMD) 22 0.977 0.125 0.941 0.121 0.036 0.206 
Prox Femur (Z) 22 -0.15 0.93 -0.35 1.01 0.20 0.402 
Prox Femur (T) 22 -0.15 1.01 -0.49 1.01 0.34 0.148 
Femoral Neck (BMD) 22 0.939 0.099 0.932 0.143 0.007 0.796 
Femoral Neck (Z) 22 -0.25 0.80 -0.17 1.24 0.08 0.749 
Femoral Neck (T) 22 -0.35 0.83 -0.41 1.20 0.06 0.781 
Wards (BMD) 22 0.830 0.133 0.793 0.139 0.037 0.192 
Wards (Z) 22 -0.26 0.94 -0.40 1.02 0.14 0.570 
Wards (T) 22 -0.60 1.03 -0.91 1.06 0.31 0.154 
Trochanter (BMD) 22 0.810 0.114 0.775 0.102 0.036 0.184 
Trochanter (Z) 22 0.08 0.98 -0.10 0.92 0.18 0.491 
Trochanter (T) 22 0.18 1.05 -0.11 0.94 0.29 0.247 
Total Body (BMD) 23 1.169 0.055 1.155 0.046 0.014 0.299 
Total Body (Z) 23 0.41 0.72 0.42 0.58 0.01 0.950 
Total Body (T) 23 0.56 0.69 0.38 0.57 0.18 0.297 
BMC (g) 23 2467 318 2415 238 52 0.563 
Lean (g) 23 43679 6269 41472 4087 2207 0.204 
Fat (g) 23 25336 15351 20884 8728 4451 0.230 
%Fat 23 32.9 11.5 31.1 7.7 1.8 0.521 
Height (m) 24 1.658 0.078 1.657 0.069 0.001 0.963 
Weight (kg) 24 71.6 20.2 65.1 11.6 6.5 0.190 
BMI                            # 24 25.9 6.2 23.7 3.8 2.2 0.135 
Calcium Intake (mg) 24 717 565 589 491 128 0.420 
Age (years)               # 24 42.6 8.3 42.7 8.4 0.03 0.818 
UD=ultradistal; AP=anteroposterior; Z=Z-score; T=T-score; Prox=proximal; X-C=exercisers minus 
controls; BMI=body mass index; BMD (g/cm2); # matched variable 
 300 
Within group comparisons 
a) Target-bone changes 
Tables 5.8 and 5.9 present the results of the analyses of the pre and post 
intervention changes in bone mass at each site for exercisers and controls 
separately. Exercisers (Table 5.7) gained 3.9 percent at the ultradistal radius 
(p<0.01) while controls (Table 5.8) lost the same amount (p<0.01) for a net difference 
of nearly eight percent favouring the exercisers. The Z and T-scores improved 
significantly at the radius for exercisers (by about 20%, p<0.01) though remaining 
negative (changing from -1.63 to -1.28). In contrast, controls declined significantly by 
similar amounts (22.3%, from -1.50 to -1.83). The effect sizes (Cohen’s d) for 
changes in radial bone mass were strong for both the exercise gain and the loss 
associated with the control group (1.281 and 1.018 respectively). 
b) Non-targeted bone variables 
The trend for the exercise group was for maintenance of aBMD with slight non-
significant increases at all sites (<1.0%) other than the femoral neck (-0.2%). In 
contrast, controls had negative changes at all sites ranging between 0.6% and 3.0% 
of which those for the proximal femur, femoral neck, and total body were significant 
(0.05>p<0.01). In addition, total BMC decreased significantly in controls by 1.4% 
(p=0.017). The effect sizes for all the non-radial bone sites were low to moderate for 
exercisers and in most instances less than half the magnitude seen in controls, 
indicative of a stronger age-related loss in the latter. 
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Table 5.8: Changes in bone and non-bone variables at the end of the intervention 
period for forearm exercisers 
Forearm Study: Exercise Group 
  
Pre (1) Post (2) Change (2-1) 
  
Cohen's 
Variable N mean sd mean sd  
 
% p t d 
UD Radius (BMD) 24 0.317 0.021 0.329 0.022 + 0.012 3.9 0.000  6.28 1.281 
UD Radius (Z) 24 -1.63 0.57 -1.28 0.59 + 0.35 21.6 0.000  6.41 1.308 
UD Radius (T) 24 -1.63 0.57 -1.30 0.60 + 0.33 20.4 0.000  6.16 1.258 
AP Spine (BMD) 20 1.169 0.123 1.176 0.121 + 0.006 0.5 0.372 0.92 0.205 
AP Spine (Z) 20 -0.21 1.14 -0.23 1.16 - 0.02 8.4 0.885 0.15 0.033 
AP Spine (T) 20 -0.26 1.02 -0.20 1.00 + 0.05 20.0 0.366 0.93 0.207 
Prox Femur (BMD) 22 0.977 0.125 0.984 0.120 + 0.007 0.7 0.258 1.16 0.248 
Prox Femur (Z) 22 -0.14 0.93 -0.11 0.89 + 0.04 25.1 0.411 0.84 0.179 
Prox Femur (T) 22 -0.15 1.01 -0.13 0.99 + 0.02 13.4 0.651 0.46 0.098 
Femoral Neck (BMD) 22 0.938 0.099 0.936 0.094 - 0.001 0.2 0.813 0.24 0.051 
Femoral Neck (Z) 22 -0.25 0.80 -0.23 0.75 + 0.02 8.7 0.662 0.44 0.095 
Femoral Neck (T) 22 -0.36 0.83 -0.37 0.79 - 0.01 2.0 0.888 0.14 0.030 
Wards (BMD) 22 0.827 0.134 0.829 0.119 + 0.002 0.3 0.815 0.24 0.051 
Wards (Z) 22 -0.29 0.94 -0.28 0.81 + 0.00 1.4 0.955 0.06 0.012 
Wards (T) 22 -0.63 1.04 -0.61 0.92 + 0.02 3.5 0.748 0.33 0.069 
Trochanter (BMD) 22 0.811 0.114 0.815 0.111 + 0.004 0.5 0.459 0.75 0.161 
Trochanter (Z) 22 0.10 0.97 0.12 0.90 + 0.02 24.2 0.643 0.47 0.100 
Trochanter (T) 22 0.18 1.10 0.23 1.01 + 0.05 24.7 0.389 0.88 0.187 
Total Body (BMD) 23 1.169 0.055 1.174 0.057 + 0.004 0.4 0.172 1.41 0.295 
Total Body (Z) 23 0.41 0.72 0.44 0.75 + 0.03 8.2 0.444 0.78 0.163 
Total Body (T) 23 0.56 0.69 0.61 0.71 + 0.05 9.2 0.183 1.38 0.287 
BMC (g) 23 2467 318 2467 307 + 0 0.0 0.990 0.01 0.003 
Lean (g) 23 43679 6269 43240 6208 - 439 1.0 0.074 1.88 0.392 
Fat (g) 23 25336 15351 26741 16012 + 1405 5.5 0.111 1.66 0.347 
%Fat 23 32.9 11.5 34.3 11.6 + 1.4 4.3 0.059 1.99 0.415 
Weight (kg) 24 71.58 20.25 71.66 19.80 + 0.09 0.1 0.914 16.95 3.461 
BMI 24 25.9 6.2 25.9 6.3 + 0.1 0.2 0.859 15.93 3.252 
Calcium Intake (mg) 23 717 565 1102 486 + 385 54 0.022 2.38 0.496 
Significant changes in bold; Cohen’s d=effect size; UD=ultradistal; AP=anteroposterior; Z=Z-score; 
T=T-score; Prox=proximal; BMC=bone mineral content; BMI=body mass index; BMD=bone mineral 
density (g/cm2); target bone; non-bone 
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Table 5.9: Changes in bone and non-bone variables at the end of the intervention 
period for controls 
Forearm Study: Control Group 
  
Pre (1) Post (2) Change (2-1) 
  
Cohen's 
Variable N mean sd mean sd 
 
 
% p t d 
UD Radius (BMD) 24 0.322 0.024 0.309 0.028 - 0.013 3.9 0.000  4.99 1.018 
UD Radius (Z) 24 -1.50 0.65 -1.83 0.77 - 0.33 22.3 0.000  4.99 1.019 
UD Radius (T) 24 -1.51 0.65 -1.86 0.77 - 0.35 23.1 0.000  4.93 1.006 
AP Spine (BMD) 18 1.164 0.144 1.153 0.155 - 0.011 1.0 0.346 0.97 0.229 
AP Spine (Z) 18 -0.22 1.46 -0.27 1.59 - 0.05 21.9 0.629 0.49 0.116 
AP Spine (T) 18 -0.30 1.20 -0.39 1.29 - 0.09 31.7 0.345 0.97 0.229 
Prox Femur (BMD) 23 0.947 0.122 0.923 0.112 - 0.024 2.6 0.016  2.61 0.543 
Prox Femur (Z) 23 -0.27 1.06 -0.42 0.91 - 0.15 57.3 0.047  2.10 0.438 
Prox Femur (T) 23 -0.44 1.02 -0.64 0.93 - 0.19 43.9 0.023  2.45 0.511 
Femoral Neck (BMD) 23 0.937 0.142 0.908 0.129 - 0.028 3.0 0.003  3.39 0.706 
Femoral Neck (Z) 23 -0.09 1.26 -0.28 1.12 - 0.19 210.6 0.004  3.17 0.660 
Femoral Neck (T) 23 -0.37 1.19 -0.60 1.08 - 0.23 61.0 0.005  3.14 0.656 
Wards (BMD) 23 0.798 0.138 0.793 0.145 - 0.005 0.6 0.507 0.67 0.141 
Wards (Z) 23 -0.33 1.06 -0.36 1.13 - 0.04 10.7 0.637 0.48 0.100 
Wards (T) 23 -0.87 1.05 -0.89 1.10 - 0.02 2.4 0.714 0.37 0.077 
Trochanter (BMD) 23 0.779 0.101 0.763 0.094 - 0.016 2.0 0.102 1.71 0.356 
Trochanter (Z) 23 -0.04 0.95 -0.17 0.83 - 0.13 335.9 0.121 1.61 0.336 
Trochanter (T) 23 -0.08 0.93 -0.26 0.86 - 0.18 229.5 0.090 1.78 0.370 
Total Body (BMD) 24 1.157 0.046 1.139 0.044 - 0.018 1.6 0.001  3.91 0.798 
Total Body (Z) 24 0.49 0.66 0.32 0.76 - 0.17 35.4 0.014  2.65 0.540 
Total Body (T) 24 0.40 0.57 0.18 0.55 - 0.22 54.5 0.001  3.72 0.759 
BMC (g) 24 2413 233 2380 247 - 33 1.4 0.017 2.57 0.524 
Lean (g) 24 41409 4009 41566 4253 + 157 0.4 0.382 0.89 0.182 
Fat (g) 24 20338 8946 20665 8910 + 327 1.6 0.569 0.58 0.118 
Fat% 24 30.5 8.2 30.7 7.9 + 0.3 0.9 0.615 0.51 0.104 
Weight (kg) 24 65.08 11.56 65.23 12.02 + 0.15 0.2 0.802 0.25 0.052 
BMI 24 23.7 3.8 23.7 3.9 + 0.0 0.1 0.896 0.13 0.027 
Calcium Intake (mg) 24 589 491 821 481 + 232 39 0.142 1.50 0.306 
Significant changes in bold; Cohen’s d=effect size; UD=ultradistal; AP=anteroposterior; Z=Z-score; 
T=T-score; Prox=proximal; BMC=bone mineral content; BMI=body mass index; BMD=bone mineral 
density (g/cm2); target bone; non-bone 
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c) Non-bone variables. 
Examination of changes in body composition variables within each group (Table 5.9) 
revealed no significant changes for any variable for exercisers, though a decrease of 
1% in lean mass (p=0.074) and increases of 5.5% in fat mass and %Fat approached 
significance (p=0.074, 0.059 respectively). Calcium intake increased in both groups, 
over 50% in exercisers and nearly 40% in controls, but only the increase in 
exercisers reached significance (p<0.05). 
 
Between group comparisons 
a) Target-bone changes 
Comparisons between the groups (MANOVA) at the end of the exercise intervention 
for all variables are presented in Table 5.10, while figure 5.6 provides graphical 
depictions of the changes in aBMD at each site as well as the T-score change for the 
radius (target-bone). As might be expected given the magnitude of the differential 
change (7.9%), there was a strong significant difference between the groups at the 
distal radius (p<0.01) paralleled by significant improvements in Z and T-scores 
favouring the exercisers (p<0.01). Effect sizes (ή) were strong for the changes at the 
radius (all greater than 0.75) indicative of the influence of exercise particularly when 
compared with those at non-target sites which were moderate at the total body (0.45) 
and less than 0.3 at all other bone sites. 
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Figure 5.6: Changes in aBMD at each site and T-score change for radius at the end of the Forearm Intervention 
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b) Non-targeted bone variables 
The radial exercise program was associated not only with significant advantages 
over controls at the radius but also at proximal femur, femoral neck and total body 
(p<0.05, 0.05, 0.01respectively). The Z and T-scores for the total body also increased 
significantly in the exercisers, where improvements of around 8.5% were bracketed 
with 20% losses in controls. 
c) Non-bone variables 
For body composition variables, only one significant difference was detected with 
exercisers having greater lean mass (p<0.05), a difference not attributable to any 
exercise induced increase, since exercisers had a slight nonsignificant decrease and 
controls a nonsignificant increase in this variable. Interestingly, though nonsignificant, 
exercisers added more fat mass than controls (5.5% versus 0.47%). The difference in 
calcium intake between the groups approached but did not reach significance 
(p=0.082, higher in exercisers). 
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Table 5.10: Between groups comparisons for all variables at the completion of the 
forearm exercise intervention 
Forearm Study: Between Groups 
 Group Changes Differences  MANOVA 
Variable Exercise (X) Control (C) X-C % N λ F p ή 
UD Radius (BMD) 0.012 -0.013 + 0.025 7.8 24 0.229 77.581 0.000  0.771 
UD Radius Z 0.35 -0.33 + 0.69 43.9 24 0.222 80.703 0.000  0.778 
UD Radius T 0.33 -0.35 + 0.68 43.5 24 0.231 76.522 0.000  0.769 
AP Spine BMD 0.006 -0.011 + 0.017 1.5 16 0.837 2.920 0.108 0.163 
AP Spine Z -0.02 -0.05 + 0.03 13.5 16 1.000 0.006 0.941 0.000 
AP Spine T 0.05 -0.09 + 0.15 51.6 16 0.836 2.935 0.107 0.164 
Proximal Femur BMD 0.007 -0.024 + 0.031 3.2 21 0.739 7.051 0.015  0.261 
Proximal Femur Z 0.04 -0.15 + 0.19 82.4 21 0.827 4.185 0.054 0.173 
Proximal Femur T 0.02 -0.19 + 0.21 57.2 21 0.823 4.290 0.051 0.177 
Femoral Neck BMD -0.001 -0.028 + 0.027 2.9 21 0.802 4.936 0.038  0.198 
Femoral Neck Z 0.02 -0.19 + 0.21 219.3 21 0.735 7.227 0.014  0.265 
Femoral Neck T -0.01 -0.23 + 0.22 69.8 21 0.813 4.601 0.044  0.187 
Wards BMD 0.002 -0.005 + 0.007 0.9 21 0.993 0.139 0.713 0.007 
Wards Z 0.00 -0.04 + 0.04 12.1 21 0.996 0.083 0.777 0.004 
Wards T 0.02 -0.02 + 0.04 5.9 21 0.996 0.070 0.793 0.004 
Trochanter BMD 0.004 -0.016 + 0.020 2.6 21 0.866 3.082 0.094 0.134 
Trochanter Z 0.02 -0.13 + 0.15 311.7 21 0.879 2.753 0.113 0.121 
Trochanter T 0.05 -0.18 + 0.22 204.8 21 0.857 3.340 0.083 0.143 
Total Body BMD 0.004 -0.018 + 0.022 1.9 23 0.546 18.294 0.000  0.454 
Total Body Z 0.03 -0.17 + 0.21 43.6 23 0.725 8.328 0.009  0.275 
Total Body T 0.05 -0.22 + 0.27 63.7 23 0.567 16.822 0.000  0.433 
BMC (g) 0 -33 + 34 1.4 23 0.881 2.968 0.099 0.119 
Lean (g) -439 157 - 596 1.4 23 0.861 4.967 0.036  0.184 
Fat (g) 1405 327 + 1078 3.9 23 0.937 1.480 0.237 0.063 
%Fat 1.41 0.28 + 1.13 3.4 23 0.893 2.627 0.119 0.107 
Weight (kg) 0.1 0.1 - 0.1 0.1 24 1.000 0.005 0.945 0.000 
BMI 0.1 0.0 + 0.0 0.1 24 1.000 0.007 0.933 0.000 
*Calcium Intake (mg) 385 232 + 126 14 24  1.79 0.082  
Significant changes in bold; ή=effect size; UD=ultradistal; AP=anteroposterior; Z=Z-score; T=T-score; 
Prox=proximal; BMC=bone mineral content; BMI=body mass index; BMD=bone mineral density 
(g/cm2); X-C=exercise minus control; *calcium comparisons by t-tests; target bone; non-bone 
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Exercise compliance ranged between 18 and 88% with a mean of 48% of prescribed 
sessions completed. None of the subjects changed the starting position of the fall 
(distance from the wall). Table 5.11 presents compliance for each subject along with 
individual changes in both BMD and T-scores pre to post exercise. Figure 5.7 shows 
the scatter plot for compliance against change in BMD revealing a strong linear 
relationship (r =0.79, R2=0.632). The average T-score change was 0.33. 
Table 5.11: BMD and T-score changes in forearm bone mass with exercise 
compliance  
# Compliance BMD change T-score 
 % gm/cm2 Pre Post change 
11 18.38 0.001 -1.96 -1.94 0.02   
21 22.61 0.005 -1.44 -1.32 0.12 
04 25.07 0.002 -1.25 -1.20 0.05 
20 34.38 0.003 -1.50 -1.42 0.08 
15 35.92 0.009 -1.39 -1.14 0.25 
16 40.00 0.007 -2.21 -2.03 0.18 
19 43.61 0.008 -1.50 -1.30 0.20 
13 44.24 0.002 -0.85 -0.79 0.06 
12 44.29 0.014 -1.35 -0.96 0.39 
17 44.41 0.014 -1.92 -1.54 0.38 
10 44.72 0.004 -0.85 -0.74 0.11 
14 44.75 0.004 -2.84 -2.74 0.10 
01 44.80 0.014 -2.18 -1.80 0.38 
18 45.52 0.013 -0.94 -0.57 0.37 
22 45.66 0.009 -1.39 -1.14 0.25 
05 45.76 0.018 -1.45 -0.96 0.49 
03 47.12 0.004 -2.45 -2.33 0.12 
08 48.34 0.022 -1.78 -1.17 0.61 
07 51.48 0.023 -1.90 -1.26 0.64 
23 63.37 0.013 -0.73 -0.37 0.36 
24 65.49 0.017 -2.47 -2.01 0.46 
02 84.92 0.023 -1.54 -0.90 0.64 
09 86.92 0.041 -2.31 -1.17 1.14 
06 88.00 0.024 -1.00 -0.40 0.60 
Mean 48.32 0.012 -1.63 -1.30 0.33 
 # =subject identification 
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Figure 5.7: The scatter plot of the relationship between compliance and change in aBMD 
 
5.3.3.2 Hip exercise program 
Table 5.12 displays the baseline values for the exercise and control groups at the 
commencement of the program at which time, exercisers and controls were 
comparable on all measures (p>0.05 for all), most importantly for aBMD and Z and T-
scores for the various regions of the femur. The exercise group comprised five 
swimmers and 15 controls from Studies 1 and 2 the numbers for the control group, 
were the same (five and 15 respectively). 
Compliance % 
R
2
 Linear =0.63 
 
%Compliance 
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Table 5.12: Baseline values for exercisers and controls for bone and non-bone 
variables in the Hip program 
Baseline: Hip Study Exercisers (X) Controls (C) Difference 
Variable N Mean sd Mean sd (X-C) p 
UD Radius (BMD) 13 0.320 0.023 0.306 0.034 0.015 0.169 
UD Radius (Z) 13 -1.55 0.64 -1.94 0.95 0.40 0.173 
UD Radius (T) 13 -1.55 0.64 -1.94 0.95 0.40 0.173 
AP Spine (BMD) 19 1.158 0.084 1.134 0.104 0.025 0.295 
AP Spine (Z) 19 -0.45 0.83 -0.57 0.85 0.13 0.550 
AP Spine (T) 19 -0.35 0.70 -0.54 0.86 0.19 0.332 
Prox Fem (BMD)           # 20 0.893 0.078 0.905 0.081 0.012 0.456 
Prox Femur (Z)             # 20 -0.88 0.55 -0.75 0.55 0.13 0.273 
Prox Femur (T) 20 -0.89 0.65 -0.80 0.67 0.09 0.522 
Fem Neck (BMD) 20 0.893 0.077 0.870 0.077 0.023 0.194 
Femoral Neck (Z) 20 -0.63 0.53 -0.79 0.72 0.16 0.429 
Femoral Neck (T) 20 -0.73 0.65 -0.92 0.64 0.19 0.192 
Wards (BMD) 20 0.761 0.078 0.754 0.073 0.007 0.613 
Wards (Z) 20 -0.86 0.55 -0.89 0.57 0.04 0.813 
Wards (T) 20 -1.13 0.62 -1.20 0.55 0.07 0.531 
Trochanter (BMD) 20 0.726 0.078 0.741 0.078 0.015 0.379 
Trochanter (Z) 20 -0.65 0.59 -0.49 0.54 0.16 0.257 
Trochanter (T) 20 -0.60 0.71 -0.45 0.70 0.15 0.340 
Total Body (BMD) 18 1.145 0.045 1.138 0.058 0.007 0.624 
Total Body (Z) 18 0.116 0.520 0.134 0.634 0.019 0.901 
Total Body (T) 18 0.254 0.558 0.169 0.731 0.085 0.628 
BMC (g) 18 2435 284 2326 223 109 0.134 
Lean (g) 18 42632 4815 40696 3765 1937 0.197 
Fat (g) 18 23417 10755 22778 10154 639 0.839 
%Fat 18 32.6 9.4 33.2 10.2 0.6 0.841 
Height (m) 20 1.675 0.060 1.644 0.045 0.031 0.064 
Weight (kg) 20 68.3 14.3 66.6 11.7 1.7 0.657 
BMI                                # 20 24.2 4.2 24.7 4.8 0.5 0.674 
Calcium Intake (mg) 20 697 444 693 433 4.0 0.977 
Age (years)                    # 20 39.6 6.3 39.9 6.7 0.28 0.549 
UD=ultradistal; AP=anteroposterior; Z=Z-score; T=T-score; Prox=proximal; X-C=exercisers minus 
controls; BMI=body mass index; BMD (g/cm2); # matched variable 
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Tables 5.13 and 5.14 presents results for within groups comparisons for exercisers 
and controls respectively (t-tests) for changes in all variables after the exercise 
intervention. 
Within group comparisons 
a) Target-bone changes 
Exercisers (Table 5.13), experienced significant improvements in bone mass at all 
femoral sites with the exception of the femoral neck, the magnitudes of the 
improvements were between two and three percent (p<0.01 or greater for all). The 
femoral neck change, though small (0.5%) was in a positive direction. In contrast, 
controls (Table 5.14) had significant losses at all femoral sites ranging between 2.1 
and 4.6% (0.01>p<0.001). The absolute differences between the groups in 
percentage terms ranged between 2.7 and 7.6%, obviously in favour of the 
exercisers. As was the case with the forearm group, mean Z and T-scores improved 
significantly in exercisers (though not sufficiently to become positive) while controls 
became significantly more negative (Table 5.14). Effect sizes were strong at most hip 
sites (up to 1.4 for the proximal femur) for the exercise program but also for the 
control condition (2.25 for the proximal femur) in support of the influence of the 
exercise regime in the former and age-related bone loss in the latter. 
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Table 5.13: Changes in bone and non-bone variables at the end of the intervention 
period for exercisers in Hip program 
Hip Study: Exercise Group 
  
Pre (1) Post (2)  Change 
   
Cohen's 
Variable N mean sd mean sd  (2-1) % p t d 
UD Radius (BMD) 16 0.315 0.022 0.315 0.025 + 0.000 0.1 0.892 0.14 0.035 
UD Radius Z 16 -1.69 0.62 -1.73 0.71 - 0.04 2.2 0.698 0.40 0.099 
UD Radius T 16 -1.69 0.62 -1.73 0.71 - 0.04 2.5 0.653 0.46 0.115 
AP Spine BMD 17 1.144 0.077 1.156 0.099 + 0.011 1.0 0.370 -0.92 -0.224 
AP Spine Z 17 -0.61 0.70 -0.46 0.87 + 0.15 25.0 0.219 -1.28 -0.310 
AP Spine T 17 -0.47 0.64 -0.37 0.83 + 0.09 20.2 0.374 -0.92 -0.222 
Prox Femur BMD 20 0.893 0.078 0.911 0.085 + 0.018 2.0 0.000  -6.33 -1.415 
Prox Femur Z 20 -0.88 0.55 -0.67 0.59 + 0.20 23.2 0.000  -6.20 -1.387 
Prox Femur T 20 -0.89 0.65 -0.74 0.71 + 0.15 17.1 0.000  -6.57 -1.469 
Femoral Neck BMD 20 0.893 0.077 0.897 0.087 + 0.005 0.5 0.521 -0.65 -0.146 
Femoral Neck Z 20 -0.64 0.53 -0.55 0.59 + 0.09 14.3 0.121 -1.63 -0.363 
Femoral Neck T 20 -0.73 0.65 -0.69 0.73 + 0.04 5.5 0.527 -0.64 -0.144 
Wards BMD 19 0.762 0.080 0.785 0.091 + 0.023 3.0 0.003  -3.49 -0.801 
Wards Z 19 -0.86 0.56 -0.67 0.56 + 0.190 22.1 0.008  -3.01 -0.690 
Wards T 19 -1.12 0.64 -0.95 0.69 + 0.17 15.5 0.004  -3.28 -0.753 
Trochanter BMD 19 0.725 0.080 0.744 0.086 + 0.019 2.7 0.000  -4.51 -1.036 
Trochanter Z 19 -0.67 0.59 -0.46 0.63 + 0.21 31.4 0.000  -4.36 -1.000 
Trochanter T 19 -0.61 0.73 -0.42 -0.79 + 0.19 31.2 0.000  -4.97 -1.139 
Total Body BMD 16 1.141 0.044 1.140 0.045 - 0.001 0.1 0.747 0.33 0.082 
Total Body Z 16 0.07 0.50 0.15 0.59 + 0.07 100.0 0.281 -1.12 -0.280 
Total Body T 16 0.20 0.55 0.19 0.57 - 0.01 5.8 0.807 0.25 0.062 
BMC (g) 16 2406 286 2400 291 - 6 0.3 0.650 0.46 0.116 
Lean (g) 16 42634 5108 42714 5265 + 79 0.2 0.816 -0.24 -0.059 
Fat (g) 16 23397 11437 22693 13617 - 704 3.0 0.642 0.48 0.119 
%Fat 16 32.4 10.0 31.1 10.7 - 1.3 4.0 0.428 0.82 0.204 
Weight (kg) 20 68.27 14.31 67.86 16.67 - 0.41 0.6 0.741 0.34 0.075 
BMI 20 24.2 4.2 24.0 4.9 - 0.2 0.8 0.664 0.44 0.099 
Calcium Intake (mg) 20 697 434 1183 509 - 486 70 0.010 2.91 0.651 
Significant changes in bold; Cohen’s d=effect size; UD=ultradistal; AP=anteroposterior; Z=Z-score; 
T=T-score; Prox=proximal; BMC=bone mineral content; BMI=body mass index; BMD=bone mineral 
density (g/cm2); target bone; non-bone 
 312 
Table 5.14: Changes in bone and non-bone variables at the end of the intervention 
period for controls in Hip program 
Hip Study: Control Group 
  
Pre (1) Post (2) Change (2-1) 
  
Cohen’s 
Variable N mean sd mean sd  
 
% p t d 
UD Radius (BMD) 14 0.307 0.031 0.300 0.036 - 0.008 2.5 0.025  2.53 0.676 
UD Radius Z 14 -1.90 0.85 -2.12 0.99 - 0.22 11.5 0.022  2.61 0.697 
UD Radius T 14 -1.90 0.85 -2.12 0.99 - 0.22 11.6 0.022  2.61 0.697 
AP Spine BMD 17 1.138 0.084 1.127 0.084 - 0.011 0.9 0.246 1.21 0.292 
AP Spine Z 17 -0.48 0.79 -0.50 0.83 - 0.02 3.5 0.838 0.21 0.050 
AP Spine T 17 -0.50 0.69 -0.61 0.70 - 0.10 20.6 0.167 1.45 0.351 
Prox Femur BMD 20 0.905 0.081 0.882 0.087 - 0.024 2.6 0.000  10.05 2.248 
Prox Femur Z 20 -0.75 0.55 -0.87 0.65 - 0.11 15.2 0.002  3.50 0.783 
Prox Femur T 20 -0.80 0.67 -0.99 0.73 - 0.18 22.6 0.000  7.73 1.729 
Femoral Neck BMD 20 0.870 0.077 0.851 0.084 - 0.019 2.2 0.003  3.45 0.772 
Femoral Neck Z 20 -0.79 0.72 -0.87 0.78 - 0.08 10.0 0.149 1.50 0.336 
Femoral Neck T 20 -0.92 0.64 -1.08 0.70 - 0.16 17.1 0.003  3.38 0.756 
Wards BMD 20 0.754 0.073 0.719 0.085 - 0.035 4.6 0.000  5.41 1.209 
Wards Z 20 -0.89 0.57 -1.02 0.65 - 0.13 14.0 0.088 1.80 0.402 
Wards T 20 -1.20 0.55 -1.47 0.63 - 0.27 22.5 0.000  5.67 1.268 
Trochanter BMD 20 0.741 0.078 0.726 0.081 - 0.015 2.1 0.002  3.50 0.782 
Trochanter Z 20 -0.49 0.54 -0.58 0.61 - 0.09 18.6 0.052 2.07 0.463 
Trochanter T 20 -0.45 0.70 -0.61 0.75 - 0.16 34.4 0.001  3.81 0.851 
Total Body BMD 20 1.137 0.056 1.116 0.047 - 0.021 1.8 0.001  4.12 0.922 
Total Body Z 20 0.11 0.61 -0.07 0.54 - 0.17 163.8 0.025  2.44 0.545 
Total Body T 20 0.15 0.70 -0.11 0.59 - 0.26 172.4 0.001  4.16 0.930 
BMC (g) 20 2317 213 2281 219 - 36 1.6 0.043  2.17 0.484 
Lean (g) 20 40912 3682 41824 3899 + 912 2.2 0.014* -2.72 -0.608 
Fat (g) 20 22717 10602 20157 10956 - 2560 11.3 0.089 1.79 0.400 
%Fat 20 32.9 10.9 29.5 11.5 - 3.4 10.4 0.062 1.99 0.444 
Weight (kg) 20 66.62 11.74 64.84 12.51 - 1.77 2.7 0.197 1.34 0.299 
BMI 20 24.7 4.8 24.0 4.9 - 0.7 2.8 0.180 1.39 0.311 
Calcium Intake (mg) 20 693 433 1109 393 + 416 60 0.010 2.90 0.648 
Significant changes in bold; Cohen’s d=effect size; UD=ultradistal; AP=anteroposterior; Z=Z-score; 
T=T-score; Prox=proximal; BMC=bone mineral content; BMI=body mass index; BMD=bone mineral 
density (g/cm2); target bone; non-bone 
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b) Non-targeted bone changes 
Exercisers (Table 5.13) experienced no significant changes at any non-femoral bone 
site though two were in a negative direction (total body and total BMC, -0.1 and-0.3% 
respectively). On the other hand, controls (Table 5.14) had small but significant 
losses at the radius and total body (p<0.05 and <0.001 respectively) as well as losing 
1.6% for total BMC (p<0.05). Cohen’s d suggested a moderate positive influence of 
the exercise program at the spine (0.224) and the expected negative effect of age at 
this site in controls (0.292). At the radius, the difference in terms of effect size was 
large (0.015 for exercises and 0.676 for controls). A similar pattern emerged for total 
body BMD with almost no effect suggested for exercise and a strong effect 
presumably of age, in the controls (0.082, 0.922 respectively). These patterns 
perhaps hint at bone preservation due to exercise. 
c) Non-bone variables 
The only significant body composition change recorded was a 2.2% increase in lean 
mass for the controls (p<0.05). Calcium intakes increased appreciably from baseline 
in both groups, by 69.7% in the exercisers and 60% in controls (p<0.01 for both). 
Comparisons between the groups at the end of the exercise period are shown in 
Table 5.15 and depicted in Figure 5.8. 
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Between group comparisons 
a) Target-bone changes 
At the proximal femur, the exercisers had a significant advantage of nearly 5% (2% 
gain versus 2.6% loss p<0.001), a pattern repeated for femoral neck (2.7% 
differential, p<0.05), Wards (7.6% differential, p<0.001) and the trochanter (6.8% 
differential, p<0.01). Likewise, as might be expected, Z and T-scores improved 
significantly compared with controls at all femoral sites though nearly all remained 
negative. As was in the case for the Forearm program, most effect sizes (ή) were far 
stronger at femoral sites with the exception of total body (0.497) suggesting that 
exercise did counteract the negative effect of age. 
b) Non-targeted bone changes 
There were no significant differences between the groups at the radius (differential 
2.4% in favour of exercisers), nor the spine (1.9% differential, exercisers higher) but 
a small significant difference favouring the exercisers was detected at the total body 
(1.7% differential, p<0.01). Z and T-scores declined for both groups at the radius with 
no difference between the groups, however, for exercisers, Z and T-scores improved 
significantly versus controls for the total body (p<0.05 and 0.01 respectively). 
c) Non bone variables 
No differences appeared for any of the body composition variables. Both groups had 
increased their mean daily calcium intake to an average of over 1000 mg/day with no 
intergroup difference. 
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Figure 5.8: Changes in aBMD at each site and changes in T-score for proximal femur at the end of the 
Hip intervention 
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Table 5.15: Between groups comparisons for all variables at the completion of the 
Hip exercise intervention 
Hip Study: Between Groups 
 
Group Changes Differences 
 
MANOVA 
Variables Controls Exercisers X-C % N λ F p ή 
UD Radius BMD -0.008 0.000 
 
 0.007 2.3 10 0.734 3.259 0.105 0.266 
UD Radius Z -0.22 -0.04 
 
0.18 9.3 10 0.758 2.872 0.124 0.242 
UD Radius T -0.22 -0.04 
 
0.18 9.1 10 0.769 2.702 0.135 0.231 
AP Spine BMD -0.011 0.011 
 
0.022 1.9 15 0.769 4.201 0.060 0.231 
AP Spine Z -0.02 0.15 
 
0.17 28.5 15 0.843 2.607 0.129 0.157 
AP Spine T -0.10 0.09 
 
0.20 40.8 15 0.730 5.182 0.039 0.270 
Prox Femur BMD -0.024 0.018 
 
0.042 4.6 20 0.120 138.751 0.000 0.880 
Prox Femur Z -0.11 0.20 
 
0.32 38.3 20 0.313 41.668 0.000 0.687 
Prox Femur T -0.18 0.15 
 
0.33 39.7 20 0.136 120.334 0.000 0.864 
Femoral Neck BMD -0.019 0.005 
 
0.024 2.8 19 0.734 6.899 0.017 0.266 
Femoral Neck Z -0.08 0.09 
 
0.17 24.3 19 0.816 4.285 0.052 0.184 
Femoral Neck T -0.16 0.04 
 
0.20 22.6 19 0.742 6.612 0.019 0.258 
Wards BMD -0.035 0.023 
 
0.057 7.6 19 0.281 46.114 0.000 0.719 
Wards Z -0.13 0.19 
 
0.32 36.2 19 0.301 41.723 0.000 0.699 
Wards T -0.27 0.17 
 
0.44 38.0 19 0.532 15.866 0.001 0.468 
Trochanter BMD -0.015 0.019 
 
0.035 4.7 19 0.408 26.103 0.000 0.592 
Trochanter Z -0.09 0.21 
 
0.30 50 19 0.542 15.240 0.001 0.458 
Trochanter T -0.16 0.19 
 
0.34 65.7 19 0.400 27.019 0.000 0.600 
Total Body BMD -0.021 -0.001 
 
0.019 1.7 16 0.503 14.795 0.002 0.497 
Total Body Z -0.17 0.07 
 
0.24 163.8 16 0.779 4.246 0.057 0.221 
Total Body T -0.26 -0.01 
 
0.25 166.6 16 0.486 15.858 0.001 0.514 
BMC (g) -36 -6 
 
30 1.3 16 0.838 2.898 0.109 0.162 
Lean (g) 912 79 
 
833 2.0 16 0.904 1.599 0.225 0.096 
Fat (g) -2560 -704 
 
1856 8.3 16 0.893 1.795 0.200 0.107 
%Fat -3.4 -1.3 
 
2.1 6.4 16 0.901 1.645 0.219 0.099 
Weight (kg) -1.77 -0.41 
 
1.36 2.1 20 0.975 0.494 0.491 0.025 
BMI -0.71 -0.2 
 
0.5 2.0 20 0.975 0.490 0.493 0.025 
*Calcium Intake (mg) 416 486  70 9.7 20 
 
0.66 0.440 
 
Significant changes in bold; ή=effect size; UD=ultradistal; AP=anteroposterior; Z=Z-score; T=T-score; 
Prox=proximal; BMC=bone mineral content; BMI=body mass index; BMD=bone mineral density 
(g/cm2); X-C=exercise minus control; *calcium comparisons by t-tests; target bone; non-bone 
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Exercise compliance averaged 46% of sessions completed, with a range of 20% to 
77%. Table 5.16 presents the compliance data in relationship to changes in aBMD 
and T-scores for the total femur while the scatter plot (Figure 5.9) reveals a relatively 
strong relationship between change in aBMD and compliance (r =0.73, R2=0.53). The 
average change in T-score was 0.15. By the end of the program, 12 subjects had 
reached step level four (43.5 cm), five were dropping from level three (36 cm) and 
three from level two (28.5 cm). 
Table 5.16: BMD and T-score changes in total femur bone mass with exercise 
compliance; #=identification number 
# Compliance BMD change T-score 
 % gm/cm2 pre post Change 
15 19.97 -0.0010 -0.48 -0.49 -0.01 
18 27.28 -0.0010 -2.69 -2.69 0.00 
13 29.06 0.0020 -1.43 -1.42 0.01 
02 30.08 0.0080 -2.15 -2.07 0.08 
14 31.17 0.0040 -1.69 -1.65 0.04 
07 31.94 0.0110 -1.04 -0.95 0.09 
01 37.03 0.0100 -0.40 -0.31 0.09 
12 40.04 0.0150 -0.80 -0.67 0.13 
10 40.19 0.0410 -0.88 -0.55 0.33 
03 42.84 0.0120 -0.38 -0.27 0.11 
05 43.71 0.0310 -0.13 0.12 0.25 
04 47.62 0.0160 -0.43 -0.30 0.13 
19 51.72 0.0230 -0.76 -0.56 0.20 
09 52.07 0.0310 -0.40 -0.13 0.27 
17 54.32 0.0160 -0.49 -0.36 0.13 
20 54.61 0.0200 -0.73 -0.56 0.17 
08 60.39 0.0260 -0.58 -0.35 0.23 
06 61.01 0.0390 -1.21 -0.90 0.31 
11 75.41 0.0310 -0.45 -0.19 0.26 
16 77.18 0.0280 -0.72 -0.49 0.23 
Mean 46 0.018 -.89 -.74 0.15 
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Figure 5.9: Scatter plot of the relationship between compliance and change in BMD at the total femur 
 
5.3.3.3 Spine exercise program 
Results of baseline testing for the matched pairs undertaking the Spine exercise 
protocol are presented in Table 5.17. As was seen with each of the other exercise 
protocols, the two groups were well matched, there being no differences between the 
groups for any variable at baseline. The exercise group comprised eight swimmers 
and 14 controls from Studies 1 and 2 while for the control group; the numbers were 
seven and fifteen respectively. 
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Table 5.17: Baseline values for spine exercisers and controls for bone and non-bone 
variables 
Baseline: Spine Study Exercisers (X) Controls (X) Difference 
Variable N Mean sd Mean sd (X-C) p 
UD Radius (BMD) 18 0.330 0.038 0.309 0.044 0.021 0.075 
UD Radius (Z) 18 -1.27 1.04 -1.86 1.22 0.59 0.073 
UD Radius (T) 18 -1.28 1.05 -1.86 1.22 0.58 0.077 
AP Spine (BMD)           # 22 1.092 0.100 1.120 0.082 0.028 0.160 
AP Spine (Z)                 # 22 -0.98 0.73 -0.69 0.52 0.30 0.069 
AP Spine (T) 22 -0.90 0.83 -0.67 0.68 0.23 0.164 
Prox Femur (BMD) 21 0.935 0.095 0.924 0.128 0.011 0.721 
Prox Femur (Z) 21 -0.55 0.68 -0.58 0.92 0.04 0.871 
Prox Femur (T) 21 -0.54 0.80 -0.63 1.08 0.09 0.713 
Femoral Neck (BMD) 21 0.913 0.079 0.918 0.146 0.006 0.839 
Femoral Neck (Z) 21 -0.49 0.59 -0.38 1.08 0.11 0.610 
Femoral Neck (T) 21 -0.58 0.67 -0.51 1.22 0.07 0.771 
Wards (BMD) 21 0.786 0.103 0.818 0.163 0.031 0.332 
Wards (Z) 21 -0.62 0.56 -0.43 1.05 0.19 0.439 
Wards (T) 21 -0.96 0.79 -0.71 1.25 0.26 0.297 
Trochanter (BMD) 21 0.767 0.089 0.758 0.100 0.009 0.749 
Trochanter (Z) 21 -0.32 0.74 -0.33 0.77 0.01 0.949 
Trochanter (T) 21 -0.22 0.80 -0.27 0.91 0.05 0.827 
Total Body (BMD) 20 1.186 0.171 1.139 0.067 0.047 0.199 
Total Body (Z) 20 0.145 0.686 0.101 0.669 0.044 0.835 
Total Body (T) 20 0.342 0.634 0.180 0.846 0.162 0.440 
BMC (g) 20 2414 255 2366 270 48 0.561 
Lean (g) 20 42399 3999 40951 3514 1448 0.304 
Fat (g) 20 26535 11169 23932 7061 2602 0.434 
%Fat 20 35.7 9.4 35.0 7.5 0.7 0.821 
Height (m) 22 1.662 0.054 1.669 0.058 0.007 0.717 
Weight (kg) 22 71.2 13.7 68.0 8.3 3.3 0.343 
BMI                                # 22 25.8 4.7 24.5 3.5 1.3 0.348 
Calcium Intake (mg) 22 636 457 706 416 70 0.620 
Age (years)                    # 22 40.2 9.1 39.5 9.7 0.7 0.198 
UD=ultradistal; AP=anteroposterior; Z=Z-score; T=T-score; Prox=proximal; X-C=exercisers minus 
controls; BMI=Body mass index; BMD (g/cm2);  # matched variable 
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Within group comparisons 
Tables 5.18 and 5.19 show how the groups changed from their respective baseline 
values (t-tests). 
a) Target-bone changes 
At the conclusion of the experimental period, exercisers had improved significantly at 
the lumbar spine to the tune of 2.8% (p<0.001) almost mirrored in the opposite 
direction by the controls who decreased by 2.9% (p<0.01). A now familiar pattern 
emerged for the Z and T-scores with significant improvements in exercisers, (though 
remaining negative) by about 30% (p<0.001 for both) and losses in excess of 30% for 
both measures in controls (p<0.01 for both). In agreement with these findings, 
Cohen’s d was largest at the spine in both exercisers and controls (1.979, 0.799 
respectively), in support of the opposite effects of exercise and age in the groups. 
b) Non-targeted bone changes 
Exercisers demonstrated a pattern of bone preservation at all other sites with small 
non-significant increases of between 1.1% and 1.4% at peripheral sites and 3.3% for 
the total body. Their Z-scores improved significantly at all femoral sites other than 
Wards (0.05>p<0.01), with femoral neck T-score also increasing significantly 
(p<0.05). Controls generally displayed reductions of around 2% at most other sites 
with those at the proximal femur, femoral neck and trochanter all significant (p<0.05 
for all). Total body showed the only positive change for controls with a nonsignificant 
gain of 2%. Controls had only one significant Z-score decline, 17% at the femoral 
neck (p<0.05) but were down on T-scores at the radius, proximal femur, trochanter, 
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and total body (p<0.05 all). The change in total BMC was small and nonsignificant in 
both groups (less than 0.5%). Effect sizes were of moderate strength (0.241 to 0.348) 
at all femoral sites in the exercise group and tended to be larger at all hip sites in the 
controls (0.390 to 0.509), again testifying to the separate and opposite influences of 
exercise and age. 
c) Non-bone variables 
Neither group had significant changes in lean mass nor fat mass and as would 
therefore follow, no change in body weight. For calcium intake, both groups 
increased their daily intakes by over 30%, changes that approached but did not reach 
significance (p=0.085 both).  
 
 
 
 
 
 
 322 
Table 5.18: Changes in bone and non-bone variables at the end of the intervention 
period for exercisers in the Spine program 
Spine Study – Exercise Group 
  
Pre (1) Post (2) Change (2-1) 
  
Cohen's 
Variable N mean sd mean sd 
  
% p t d 
UD Radius (BMD) 17 0.323 0.029 0.328 0.032 + 0.005 1.4 0.180 -1.43 -0.348 
UD Radius (Z) 17 -1.48 0.80 -1.35 0.87 + 0.13 8.5 0.153 -1.50 -0.364 
UD Radius (T) 17 -1.48 0.80 -1.35 0.87 + 0.13 8.5 0.186 -1.38 -0.335 
AP Spine (BMD) 22 1.092 0.100 1.122 0.105 + 0.031 2.8 0.000  -9.28 -1.979 
AP Spine (Z) 22 -0.98 0.73 -0.67 0.75 + 0.31 31.5 0.000  -7.15 -1.524 
AP Spine (T) 22 -0.90 0.83 -0.65 0.88 + 0.26 28.3 0.000  -8.78 -1.872 
Prox Femur (BMD) 19 0.923 0.089 0.934 0.093 + 0.011 1.2 0.079 -1.86 -0.428 
Prox Femur (Z) 19 -0.65 0.62 -0.50 0.61 + 0.15 23.4 0.005  -3.17 -0.727 
Prox Femur (T) 19 -0.65 0.75 -0.55 0.77 + 0.10 14.9 0.075 -1.89 -0.434 
Femoral Neck (BMD) 19 0.903 0.074 0.912 0.076 + 0.010 1.1 0.123 -1.62 -0.372 
Femoral Neck (Z) 19 -0.57 0.57 -0.41 0.54 + 0.16 28.3 0.002  -3.67 -0.843 
Femoral Neck (T) 19 -0.66 0.63 -0.56 0.63 + 0.10 14.9 0.039  -2.22 -0.510 
Wards (BMD) 19 0.777 0.098 0.788 0.104 + 0.011 1.4 0.218 -1.28 -0.293 
Wards (Z) 19 -0.66 0.56 -0.56 0.64 + 0.10 15.1 0.272 -1.13 -0.260 
Wards (T) 19 -1.03 0.75 -0.93 0.80 + 0.11 10.3 0.118 -1.64 -0.376 
Trochanter (BMD) 19 0.758 0.088 0.768 0.090 + 0.009 1.2 0.169 -1.43 -0.329 
Trochanter (Z) 19 -0.41 0.72 -0.27 0.67 + 0.14 33.3 0.028  -2.39 -0.548 
Trochanter (T) 19 -0.30 0.80 -0.20 0.83 + 0.11 35.0 0.106 -1.70 -0.390 
Total Body (BMD) 19 1.189 0.175 1.150 0.055 - 0.039 3.3 0.307 1.05 0.241 
Total Body (Z) 19 0.15 0.70 0.17 0.70 + 0.01 7.1 0.865 -0.17 -0.039 
Total Body (T) 19 0.35 0.65 0.32 0.69 - 0.03 9.0 0.575 0.57 0.131 
BMC (g) 19 2406 260 2402 258 - 3.6 0.2 0.827 0.22 0.051 
Lean (g) 19 40325 4094 42140 4175 + 1815 4.5 0.638 0.48 0.110 
Fat (g) 19 26616 11469 26290 12175 - 326 1.2 0.832 0.22 0.050 
%Fat 19 35.7 9.7 35.5 2.2 - 0.3 0.7 0.840 0.21 0.047 
Weight (kg) 22 71.24 13.70 70.36 12.88 - 0.88 1.2 0.508 0.67 0.144 
BMI 22 25.8 4.7 25.4 4.4 - 0.3 1.2 0.539 0.62 0.133 
Calcium Intake (mg) 22 636 457 861 336 + 225 35 0.085 1.75 0.373 
Significant changes in bold; Cohen’s d=effect size; UD=ultradistal; AP=anteroposterior; Z=Z-score; 
T=T-score; Prox=proximal; BMC=bone mineral content; BMI=body mass index; BMD=bone mineral 
density (g/cm2); target bone; non-bone 
 323 
Table 5.19: Changes in bone and non-bone variables at the end of the intervention 
period for controls in Spine program 
Spine Study: Control Group 
  
Pre (1) Post (2) Change (2-1)   Cohen’s 
Variable N mean sd mean sd 
  
% p t d 
UD Radius (BMD) 17 0.309 0.045 0.301 0.045 - 0.008 2.5 0.503 -0.68 -0.166 
UD Radius (Z) 17 -1.87 1.24 -2.11 1.23 - 0.238 12.7 0.169 1.43 0.346 
UD Radius (T) 17 -1.87 1.24 -2.12 1.25 - 0.248 13.3 0.035  2.26 0.549 
AP Spine (BMD) 22 1.120 0.082 1.088 0.101 - 0.032 2.9 0.001  3.75 0.799 
AP Spine (Z) 22 -0.69 0.52 -0.90 0.67 - 0.220 32.0 0.005  3.18 0.677 
AP Spine (T) 22 -0.67 0.68 -0.94 0.84 - 0.270 40.3 0.001  3.77 0.804 
Prox Femur (BMD) 21 0.923 0.125 0.907 0.137 - 0.016 1.7 0.015  2.65 0.578 
Prox Femur (Z) 21 -0.60 0.88 -0.71 0.96 - 0.103 17.0 0.028  2.37 0.516 
Prox Femur (T) 21 -0.65 1.04 -0.78 1.14 - 0.130 20.1 0.021  2.51 0.548 
Femoral Neck (BMD) 21 0.916 0.141 0.896 0.153 - 0.019 2.1 0.050  2.08 0.455 
Femoral Neck (Z) 21 -0.41 1.03 -0.52 1.13 - 0.117 28.7 0.151 1.49 0.326 
Femoral Neck (T) 21 -0.53 1.18 -0.69 1.28 - 0.159 29.8 0.049  2.10 0.457 
Wards (BMD) 20 0.824 0.170 0.805 0.169 - 0.019 2.3 0.097 1.75 0.390 
Wards (Z) 20 -0.41 1.08 -0.48 1.04 - 0.070 17.3 0.361 0.94 0.210 
Wards (T) 20 -0.66 1.31 -0.80 1.30 - 0.140 21.2 0.122 0.32 0.072 
Trochanter (BMD) 20 0.759 0.102 0.746 0.116 - 0.014 1.8 0.035  2.28 0.509 
Trochanter (Z) 20 -0.35 0.78 -0.41 0.92 - 0.065 18.8 0.404 0.85 0.191 
Trochanter (T) 20 -0.27 0.92 -0.43 1.02 - 0.165 62.3 0.037  2.25 0.503 
Total Body (BMD) 21 1.139 0.065 1.162 0.178 + 0.023 2.0 0.503 -0.68 -0.149 
Total Body (Z) 21 0.10 0.67 0.01 0.72 - 0.084 86.3 0.169 1.43 0.311 
Total Body (T) 21 0.17 0.82 0.05 0.87 - 0.125 71.7 0.035  2.26 0.494 
BMC (g) 21 2381 273 2371 287 - 10 0.4 0.610 0.52 0.113 
Lean (g) 21 41034 3671 40712 4275 - 322 0.8 0.184 1.38 0.301 
Fat (g) 21 23716 7352 23948 7755 + 233 1.0 0.653 -0.46 -0.100 
%Fat 21 34.7 7.7 35.0 8.0 + 33 1.0 0.531 -0.64 -0.139 
Weight (kg) 22 67.96 8.26 68.14 9.21 + 0.177 0.3 0.755 -0.32 -0.068 
BMI# 22 24.5 3.5 24.5 3.8 + 0.053 0.2 0.799 -0.26 -0.055 
Calcium Intake (mg) 22 706 416 954 440 + 248 35 0.085 1.76 0.375 
Significant changes in bold; Cohen’s d=effect size; UD=ultradistal; AP=anteroposterior; Z=Z-score; 
T=T-score; Prox=proximal; BMC=bone mineral content; BMI=body mass index; BMD=bone mineral 
density (g/cm2); target bone; non-bone 
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Between group comparisons 
Figure 5.10 provides a graphical representation of the changes in aBMD occurring 
between the groups over the intervention period. T-scores changes for the AP-spine 
(target) are also depicted. Table 5.20 shows the results of the MANOVA comparing 
the changes between the groups for all variables. 
a) Target-bone changes 
The exercise program was successful in delivering an advantage over controls at the 
lumbar spine, the differential of 5.7% (2.8% gain versus 2.9% loss) reaching 
significance (p<0.01). As would be expected, the Z and T-score improvements of 
approximately 30% for exercisers and even larger percentage drops for controls were 
significant (p<0.01 for both). The effect size (ή) was strongest for AP spine (0.755) 
and proximal femur (0.517) but virtually negligible for total body (0.089) 
b) Non-targeted bone variables 
Small gains (a little over 1%) made at the proximal femur, femoral neck and 
trochanter by the exercisers were all significant when compared with small losses 
(around 2%) at the same sites in controls (p<0.05 for all). Similarly, Z and/or T-scores 
improved significantly for exercisers versus controls at all sites with the exception of 
Wards (0.05>p<0.01). No other significant differences were detected. 
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c) Non-bone variables 
Lean mass, fat mass and body weight all changed, with exercisers increasing weight 
by nearly one kg in association with an increase in lean and a decrease in fat mass. 
Controls on the other hand, had a small gain in body weight linked to an increase in 
fat mass. However none of these changes produced significant group differences. 
Calcium intake had improved from baseline by over 30% in both groups, with no 
significant intergroup difference. 
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Figure 5.10: Changes in aBMD at each site and T-score change at AP spine site at the end of the Spine 
intervention 
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Table 5.20: Changes in bone and non-bone variables at the end of the intervention 
period for the Spine program 
Spine Study: Between Groups 
 
Group Changes  Differences 
 
MANOVA 
Variable 
 
Exercise (X) 
 
Control (C) 
 
X-C % N λ F p ή 
UD Radius (BMD) + 0.005 - 0.008 
+ 
0.012 3.9 14 0.704 5.469 0.036  0.296 
UD Radius Z + 0.13 - 0.24 
+ 
0.36 21.3 14 0.761 4.781 0.048  0.269 
UD Radius T + 0.13 - 0.25 
+ 
0.37 21.8 14 0.712 5.267 0.039  0.288 
AP Spine BMD + 0.031 - 0.032 
+ 
0.063 5.7 22 0.245 64.640 0.000  0.755 
AP Spine Z + 0.31 - 0.22 
+ 
0.53 63.6 22 0.293 50.601 0.000  0.707 
AP Spine T + 0.26 - 0.27 
+ 
0.53 68.6 22 0.238 67.298 0.000  0.762 
Proximal Femur BMD + 0.011 - 0.016 
+ 
0.027 2.9 19 0.483 19.241 0.000  0.517 
Proximal Femur Z + 0.15 - 0.10 
+ 
0.25 40.4 19 0.405 26.462 0.000  0.595 
Proximal Femur T + 0.10 - 0.13 
+ 
0.23 35.0 19 0.520 16.619 0.001  0.480 
Femoral Neck BMD + 0.010 - 0.019 
+ 
0.029 3.2 19 0.764 5.574 0.030 0.236 
Femoral Neck Z + 0.16 - 0.12 
+ 
0.28 57.0 19 0.668 8.942 0.008  0.332 
Femoral Neck T + 0.10 - 0.16 
+ 
0.26 44.8 19 0.732 6.577 0.019  0.268 
Wards BMD + 0.011 - 0.019 
+ 
0.030 3.7 18 0.774 4.964 0.040 0.226 
Wards Z + 0.10 - 0.07 
+ 
0.17 32.4 18 0.849 3.018 0.100 0.151 
Wards T + 0.11 - 0.14 
+ 
0.25 31.5 18 0.747 5.761 0.028  0.253 
Trochanter BMD + 0.009 - 0.014 
+ 
0.023 3.0 18 0.613 10.736 0.004  0.387 
Trochanter Z + 0.14 - 0.07 
+ 
0.20 52.2 18 0.694 7.502 0.014  0.306 
Trochanter T + 0.11 - 0.17 
+ 
0.27 188.0 18 0.582 12.186 0.003  0.418 
Total Body BMD - 0.039 + 0.023 
- 
0.062 5.3 18 0.911 1.658 0.215 0.089 
Total Body Z + 0.01 - 0.08 
+ 
0.10 93.5 18 0.961 0.688 0.418 0.039 
Total Body T - 0.03 - 0.13 
+ 
0.09 62.7 18 0.919 1.502 0.237 0.081 
BMC (g) - 4 - 10 
+ 
7 0.3 18 0.988 0.211 0.652 0.012 
Lean (g) + 1815 - 322 
+ 
2137 5.3 16 0.904 1.599 0.225 0.096 
Fat (g) - 326 + 233 
- 
559 2.2 18 0.997 0.050 0.826 0.003 
%Fat - 0.3 + 0.3 
- 
0.6 1.7 16 0.901 1.645 0.219 0.099 
Weight (kg) - 0.88 + 0.18 
- 
1.06 1.5 20 0.975 0.494 0.491 0.025 
BMI - 0.3 + 0.1 
- 
0.4 1.4 20 0.975 0.490 0.493 0.025 
*Calcium Intake (mg) + 225 + 248 
+ 
23 9.3 20 
 
0.720 0.480 
 
Significant changes in bold; ή=effect size; UD=ultradistal; AP=anteroposterior; Z=Z-score; T=T-score; 
Prox=proximal; BMC=bone mineral content; BMI=body mass index; BMD=bone mineral density 
(g/cm2); X-C=exercise minus control; *calcium comparisons by t-tests; target bone; non-bone 
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Exercise compliance averaged 59%, (range 24% to 90%). Table 5.21 shows 
individual compliance with changes in aBMD and T-scores while the scatter plot 
(Figure 5.11) portrays the compliance/BMD change relationship which demonstrates 
a strong linear relationship between volume of exercise and change in bone mass    
(r =0.82, R2=0.68). 
Table 5.21: Changes in BMD and T-scores at the lumbar spine with exercise 
compliance 
# Compliance BMD change T-score  
 % gm/cm2 Pre Post change 
17 24.19 0.010 -0.39 -0.30 0.09 
22 37.26 0.013 -2.39 -2.28 0.11 
06 37.87 0.014 -1.53 -1.41 0.12 
15 38.01 0.014 -0.46 -0.34 0.12 
09 41.00 0.015 -0.82 -0.76 0.06 
02 41.23 0.023 -2.56 -2.38 0.18 
12 44.88 0.020 -1.03 -0.87 0.16 
19 45.96 0.021 -0.54 -0.36 0.18 
01 52.07 0.030 -1.71 -1.46 0.25 
03 52.07 0.025 0.24 0.45 0.21 
07 53.43 0.025 -0.30 -0.10 0.20 
13 58.90 0.024 -0.80 -0.60 0.20 
21 66.25 0.029 -0.37 -0.13 0.24 
08 67.72 0.041 -1.42 -1.09 0.33 
14 70.79 0.035 -1.22 -0.93 0.29 
16 72.96 0.037 -0.54 -0.23 0.31 
18 75.84 0.037 -2.68 -2.38 0.30 
04 76.62 0.072 -0.53 0.07 0.60 
20 78.66 0.045 -0.30 0.08 0.38 
10 78.75 0.048 -0.40 0.05 0.45 
05 84.43 0.048 -0.03 0.37 0.40 
11 90.12 0.052 -0.07 0.37 0.44 
Mean 58.7 0.018 -0.90 -0.65 0.26 
# =subject identification number; positive changes to T-scores bold 
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Figure 5.11: Scatter plot of the relationship between compliance and change in aBMD at the lumbar 
spine 
 
 
This was the only bone site at which some subjects (the five most compliant) 
managed to achieve positive T-scores, improving between 0.38 and 0.60 standard 
deviations from baseline. The average change was 0.26 standard deviations and 
even the least compliant subjects improved their T-scores. In terms of the height of 
drops reached by subjects during the program, one subject stayed at level one (18.5 
cm), three progressed to level two (28.5cm), four to level three (36 cm), ten to level 
four (43.5 cm), and four to level five (48.5 cm). 
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5.3.3.4 Exercise and menstrual changes for all groups 
Diaries completed during the exercise period by a small number of controls (17) and 
exercisers (21) indicated that subjects had either not changed or had decreased the 
amount of physical activity undertaken during the experimental period with controls 
performing on average 1.1 hours per week less weight-bearing exercise than they 
had over the previous year and exercisers reporting a mean weekly reduction of 1.8 
hours even including the impact exercise program. However the small response 
makes these data relatively unreliable.  
Data from the retrospective physical activity surveys (Appendix G - Update Booklet) 
completed by all subjects prior to and at the end of the exercise program were used 
to gauge physical activity over the previous 12-months (baseline) and during the 
exercise program (Tables 5.22 and 5.23). In terms of the overall volume of physical 
activity represented by “Moderate plus” exercise, the only significant differences 
detected between the groups were in the Forearm program where the exercisers 
averaged 1.62 and 1.78 hr/day compared with their controls who reported 0.95 and 
0.89 hrs for the baseline and exercise periods respectively. No differences were 
found between controls and exercisers for “High Impact” exercise for either period in 
any of the groups. 
Menstrual function was reported as unaltered with the exception of one subject who 
reported fewer cycles though she still met the study criterion of nine or more for a 12-
month period. No injuries were reported by any individual. 
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Table 5.22: Physical activity estimated for the year prior to the impact exercise 
program (baseline) in two categories for each group 
 Forearm Hip Spine 
Mod+ High imp Mod+ High imp Mod+ High imp 
Controls 0.95 0.01 1.5 0.03 1.52 0.03 
Exercisers 1.62* 0.04 1.66 0.03 1.73 0.02 
Mod+=Moderate plus; High imp=High impact; *p<0.05 
Table 5.23: Physical activity estimated for the duration of the impact exercise 
program in two categories in two categories for each group 
 Forearm Hip Spine 
Mod+ High imp Mod+ High imp Mod+ High imp 
Controls 0.89 0.00 1.46 0.02 1.41 0.01 
Exercisers 1.78* 0.01 1.63 0.01 1.87 0.00 
Mod+=Moderate plus; High imp=High impact; *p<0.05 
5.4 Discussion 
Given the prevalence, dollar and lifestyle costs associated with osteoporosis, it is 
obviously better to prevent than treat the condition. Entering menopause with lower 
than normal bone mass magnifies the risk, hence finding an effective non-
pharmacologic “treatment” that can be followed without resort to special equipment or 
facilities is an important goal. With the understanding that bone appears to respond 
positively to rapidly applied loads of medium to high magnitude (BW) and unusual 
distribution, impact exercise programs were designed on the basis of forceplate 
analyses to “treat” low bone mass at common sites of osteoporotic fracture in 
premenopausal women at or beyond the age of PBM. Unilateral “landing” activities 
were selected to increase the chances of delivering forces with osteogenic 
characteristics to the target-bones. 
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5.4.1 Exercise regimes 
5.4.1.1 Pilot studies and monitoring 
The results of the pilot studies suggested that single foot landings from 23.5 cm could 
deliver vertical GRFs of approximately 4BW at rapid loading rates (50 msecs 
TTPVF), loading characteristics that have been suggested to be both osteogenic and 
tolerable on a long term basis (Vainionpaa et al., 2006; Nikander et al., 2009). There 
was considerable variation in the loads generated within and between step heights 
and between two and single foot landings from the same heights in the pilot study. It 
is logical to presume that single foot landings require more coordination and a 
greater tendency to eccentric braking to protect the ankle and knee than the bilateral 
version, particularly with greater heights, however, differences between TTPVF for 
the two conditions were very small at the greatest step heights where they would be 
expected to be largest if eccentric braking were to explain the differences. Since no 
kinematic data were gathered during the current investigation, it is not possible to 
exclude the possibility that the exercisers lowered the landing foot below the level of 
the step before “take-off” and thus reduced the height of the drop and the 
concomitant peak GRF. These points notwithstanding, there was good evidence that 
the target of four or more BWs for single foot landings was attained during the 
program on the basis of the monitoring that was carried out after six months. Of the 
10 subjects tested, eight had reached a dropping height that produced an average 
load of 4.37 BW with TTPVFs close to 40 msec, a shorter time than found during the 
pilot study. The latter perhaps explained by the amount of practice that the exercisers 
had had prior to being tested. The fact that the loads recorded during monitoring 
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were lower than those found during the pilot study, may also relate in part to this 
“practice” effect but also to the variability introduced by using a different set of 
subjects and a different forceplate.  
One might wonder how the loads estimated in the present study compare with other 
published works employing GRF loading to improve bone mass. In this vein, Fuchs 
and co-workers (2001) found that dropping from a 61 cm box delivered 8BW (two-
foot landings) in prepubertal girls and boys while for the pilot study (present work) the 
figures from 58.5 cm gave 7.57BW and 6.38BW for bilateral and unilateral landings 
respectively. Petit et al. (2002) working with peripubertal girls reported magnitudes of 
3.5 and 5BW for 10 and 50 cm heights respectively compared with 4.1 BW for 8.5 
and 6.9BW for 48.5cm in the current study for bilateral landings while the unilateral 
landings delivered 2.8 and 5.37BW respectively. Kato et al. (2006) reported vertical 
landing forces of 4.76BW after landing from vertical jumps that averaged 40cm in 
female university students (mean age 20.8 years). The figure from 38.5 cm for 
bilateral and unilateral landings in the pilot studies were 6.27 and 5.1BW 
respectively. Finally, McKay and co-workers (2005) working with primary school 
children, estimated the landings associated with their counter movement jumps at 
5BW without specifying the heights achieved. The differing populations and exercises 
used make comparisons of this type problematic particularly when it is recalled that 
subjects in the current work were encouraged to land with as little knee flexion as 
tolerable and that the exercisers used a unilateral landing while most previous 
researchers appear to have used natural landing strategies often with a bilateral 
approach. Be that as it may, the loads achieved in the current work appear to be in 
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reasonable agreement with those reported in previous exercise and bone mass 
studies employing jumping and landing style exercises. 
In terms of the exercises prescribed for the distal radius, post hoc testing indicated 
that the peak impact loads approximated 85% of 1BW with a TTPF similar to that 
seen in the lower extremity pilot study (~50 msecs) with the caveat that the subjects 
were not a sample of the exercisers. 
5.4.1.2 Effects of impact exercise on bone mass 
All programs succeeded not only in maintaining bone mass at the targeted sites, they 
also delivered significant improvements. The results for each program are discussed 
below. 
a) Forearm 
The magnitude of the gain in the forearm of nearly four percent (0.33 standard 
deviations) compared with a similar loss in controls, would appear to be relatively 
large and likely of biological significance, particularly given that aBMD changes shed 
no light on any geometric changes that might have accompanied them. It is likely that 
the moderate loads engendered were in part successful because of their almost 
direct application to the target-bones, with much less attenuation than would be seen 
by the hip and spine in the dropping exercises approximated as about 19% at the hip 
in a study of dropping exercises in children (Bauer et al., 2001). In addition, this type 
of loading is relatively unusual for people not engaged in activities that might feature 
some form of punching, emphasizing the osteogenic criterion of “unusual 
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distribution”. In this vein it would be interesting to examine forearm bone mass in 
response to boxing exercises even with the padding provided by gloves and other 
equipment. Whether the effect represented new bone formation or bone redistribution 
could not be determined, however the exercisers had no significant changes in either 
total BMD nor total BMC which suggests the latter although the ability of these 
measures to “reflect” changes of the magnitude reported for the forearm are not 
known. The results on the distal radius found in the current study are quite different 
to those found by Adami’s group (1999) who studied the effects of moderate exercise 
on the ultradistal and proximal radius in 250 postmenopausal women (125 
exercisers) over six months. They found no differences in bone mass by DXA at any 
site (femoral neck, lumbar spine, ultradistal and proximal radius). However, pQCT 
revealed changes in bone distribution and density at the ultradistal radius “adding” up 
to a significant gain in cortical BMC (3.1%, p<0.01). Their failure to detect changes in 
aBMD (DXA) contrasts with the results of the present study but is likely explained by 
the absence of impact, the moderate nature of the exercise they prescribed (push-
ups, volley ball, elbow flexion with light weights) and the different menopausal status 
and age of their subjects . In a somewhat similar study, Liu-Ambrose et al. (2004) 
found that 25 weeks of resistance training resulted in a 1.4% improvement in cortical 
BMD (pQCT) but this time, in the radial shaft in 34 “older” women (n=34, 75-85 
years). Clearly, these latter two studies lacked impact loading and the subjects were 
older, making comparisons with the present work problematic, however, perhaps the 
differences in outcomes highlight the positive effects of impact loading on bone. It is 
important to note the fact that the differential changes at the forearm in the present 
study were “built on” relatively large changes of about 4% in both directions (increase 
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and decrease). The subjects all started from a low baseline with mean Z-scores more 
than 1.5 standard deviations below normal. This suggests that they were already 
“rapid bone losers” which may explain the large mean loss seen in the controls. In 
contrast, for the exercisers, their low starting point could be expected to magnify the 
strain rates and loads delivered by the impacts and “seen” by the resident 
osteocytes/osteoblasts with the logical expectation that these would greatly exceed 
the normal mechanical strains for the tissue. Invoking Frost’s “Set Point” theory 
(Frost, 2001), it seems logical to presume that the set point for modeling was 
exceeded with consequent reduced remodeling and perhaps an increase in 
trabecular and cortical thickness which would be detected by DXA. This notion tallies 
to some extent with the smaller gains and losses seen at the other targets (hip and 
spine), where the baselines were not as low (Z-scores of -0.88/-0.75; -0.98/-0.69 for 
exercisers and controls in the low hip and low spine groups respectively). That 
compliance was strongly correlated with the change in BMD supports the logical 
expectation of a dose/response relationship between exercise and bone mass 
though it should be noted that there was considerable overlap in the improvements 
between what might be considered “low”, “medium” and “high” compliers and it is 
likely that the “baseline” bone mass affects the degree of response. Whether there is 
a “threshold” of compliance for positive changes cannot be determined from the 
current study though it is important to note that not even the least compliant exerciser 
lost bone at the forearm. The apparent positive effect of the forearm exercise 
program on non-targeted bones can be explained by the overlap of subjects between 
the two programs. There were eight subjects in the forearm program who also 
participated in the step dropping protocol due to low bone mass at forearm as well as 
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hip or spine. This is a much more likely explanation than positing a systemic effect for 
which there is little evidence in the literature.  
That the retrospective activity surveys indicated that the exercisers carried out 
significantly more Moderate Plus activity over the course of the investigation, was not 
thought to have influenced the results of the Forearm exercise program for two 
reasons. First, the difference between the exercisers and controls for Moderate Plus 
physical activity was similar to that found at baseline (prior 12 months) yet, there 
were no differences in bone mass at the commencement of the exercise program.  
Second, in Study 2 (Determinants of Bone Mass), Moderate Plus activity generated 
very few significant correlations with bone mass at any site for any period and most 
pertinent, none at all with the forearm.  
There do not appear to have been any previous reports of impact exercises 
specifically designed for improvement of forearm bone mass despite the forearm 
being a common site of osteoporotic fracture, probably due to the much more serious 
consequences attending fractures of the femoral neck and lumbar spine. However, 
reduced activity that would accompany convalescence for a fractured forearm could 
exacerbate bone mass problems in the former which is a good reason to perform 
some form of impact exercise to maintain forearm bone mass. 
b) Hip 
The significant improvement at the total femur (2.9%) was modest but “magnified” by 
a concomitant loss of bone in controls. The magnitude of the exercise effect appears 
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to be comparable to that seen by Kato et al. (2006) in younger women (21 years, 
2.5% gains at both femoral neck and lumbar spine) whose landing loads were 
estimated at 4.76 BW. Bassey and Ramsdale (1994) found somewhat larger 
changes (up to 4.1%) though reported for the trochanter rather than the more 
clinically relevant proximal femur in their study of a younger cohort of premenopausal 
women (mean age 30 years). That their subjects had not achieved PBM is suggested 
by the fact that controls had small increases at each site over the time course of the 
experiment, a feature contrasting sharply with the bone lost by controls in the current 
study.  However, the changes in the current work were more than double those found 
by Vainionpaa and colleagues (2005) who utilized a combined home-based and 
thrice weekly supervised high-impact exercise program over a year in a group of 
similarly aged women. In the same vein, the results of the current exercise program 
compare favourably with those obtained by Winters-Stone and colleagues (2006) 
who employed a varied program of strength and jumping exercises over 12-months 
to produce increases of between 2.2% and 2.7% again at the trochanter in the most 
compliant participants (premenopausal women mean age ~40 years).  
It is worth highlighting the fact that all of the previous studies cited, utilized “normal” 
bone mass subjects rather than targeting those who had already established low 
bone mass for age. This is probably an important part of the explanation for the 
variation in results found in the present compared with previous work particularly for 
the control groups i.e. previous studies have reported minimal and in some cases, 
increased bone mass in controls at most sites. As suggested earlier, selecting for low 
bone mass subjects may have led to the acquisition of a pool of “fast bone losers” 
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which emphasized the differential changes seen between the exercisers and controls 
in each exercise program. 
In terms of T-scores, the mean gain of 0.15 for the current work was less than might 
be expected based upon work reported by Babatunde et al., (2012) in their meta-
analysis. However, their figures 0.36 and 0.64 were based upon femoral neck and 
trochanter respectively, rather than the proximal femur which was the site reported in 
the current work. 
The answer to the question “new versus recycled bone?” for the source of the 
increases in the current study seems to be weighted again, towards the latter with no 
significant changes from baseline found in the exercisers for total body BMD nor total 
BMC. The compliance/BMD relationship for this site (r =0.73, R2=0.53) again 
supports the need to maintain exercise though, as was the case for the radius, even 
the least compliant exercisers maintained bone mass. 
c) Spine 
The significant change of nearly three percent at the lumbar spine for the exercisers 
considered against a similarly-sized loss in controls indicates quite a strong exercise 
effect, again probably resulting from bone redistribution given that there was no 
significant change from baseline detected for either total BMD or total BMC. The 
mean loss of bone in controls at this site (2.9%) was considerably larger than 
previously estimated at the lumbar spine in premenopausal women of between 0.7 
and 1.3% per annum provided by Bainbridge and colleagues (2002), and 1.2% by 
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Prior et al. (1996), though the latter figure was actually volumetric BMD based upon 
QCT. The same authors reported 2% losses by DXA at the spine in an earlier work 
on normal weight, active premenopausal women with “good” calcium intake but 
experiencing a spectrum of menstrual cycle disturbances (Prior et al.1994).  A 
possible explanation for the greater losses seen in the present study has been 
alluded to above, i.e. the low baseline values of the current participants who might 
may therefore have already been experiencing greater than normal rates of bone 
loss. In addition, the average observation period of 68 weeks in the present work, 
provided nearly four months more for bone loss to occur. Estimating the effect of this 
extra time using the rates estimated in Bainbridge et al.’s work mentioned above, 
yields a range of 0.93-1.7% annualized loss.  
The improvements in bone mass for the exercisers were about twice the magnitude 
of those seen by Winters-Stone’s group of 1.4% (2006, cited above) and contradict 
the findings of Babatunde et al.’s meta-analysis which suggested that impact 
exercise is ineffective at the spine in premenopausal women (Babatunde et al., 
2012). In terms of T-scores, the spine was the only site at which exercise produced 
positive scores rather than just improvements. The fact that this phenomenon was 
only seen in the most compliant subjects adds weight to the importance of 
maintaining exercise though, as was the case with the Hip group, even the least 
compliant exercisers maintained bone. Small significant improvements were also 
seen at several femoral sites, again highlighted by significant losses at the same 
sites in controls. This outcome would be expected given that the same protocol was 
employed to “treat” low bone mass at both the hip and the lumbar spine. However, 
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there were no significant changes at the lumbar spine for the Hip group to parallel 
those found in the femur for the Spine group though the changes in BMD, Z and T-
scores were all positive (1%, 25% and 20% respectively).  Perhaps the combination 
of a lower mean AP-spine Z-score at baseline and the more attenuated loads seen at 
the spine, might provide some explanation. In this vein, Hip group femoral Z-scores 
were 27%, 22%, 41%, and 39% lower than those of the Spine group for proximal 
femur, neck, Wards and trochanter respectively. For the AP-spine the difference 
between Z-scores was 37% (-0.98 versus -0.61). It might be speculated that greater 
loads might be needed through the spine to produce a positive response from a 
higher (though still negative baseline) because of the attenuation that occurs 
between the impact at the feet and the spine. Another and perhaps more logical 
rationale for the lack of effect at the spine in the hip exercisers, relates to exercise 
compliance which was considerably higher in the spine exercise group subjects (57% 
versus 46%). The mean step levels reached during the programs were similar at 3.6 
and 3.5 (Spine and Hip groups respectively) so the magnitudes of the loads 
encountered were probably comparable. Table 5.24 presents a summary of the       
T-score changes generated by the Hip and Spine program. 
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Table 5.24: Percentage increases in T-scores associated with two of the impact 
exercise groups 
Program Femur Total Body AP Spine 
 Proximal Neck Wards Trochanter   
Hip 17 5.5 15.5 31.2 5.8 20.2 
Spine 14.9 14.9 10.3 35 9 28.3 
 
It is important to reflect on the fact that the positive results in the current work were 
achieved unsupervised and in the face of relatively low compliance. Indeed, 
observation of the scatter plots for the relationship between compliance and change 
in bone mass, suggest a “dose response” with the largest gains shown by the most 
compliant subjects and strong linear correlations (0.73 to 0.82). Compliance is an 
issue with any prolonged exercise intervention and it had been hoped that the 
simplicity, brevity, convenience (home-based) and requirement to complete an 
exercise log would improve this aspect. However, given that only 17.8% of 135 
postmenopausal women completed 50% of a home-based osteoporosis prevention 
exercise program (strength training) featuring an information lecture and 3 follow-up 
sessions (Mayoux-Benhamou et al., 2005), perhaps the compliance in the current 
work was better than might be expected. In addition it is important to recall that 
aBMD as captured by DXA does not reveal the geometric changes that may occur in 
response to loading which can strengthen bone without changing mass, so that it is 
likely that other beneficial changes occurred but were undetected. Finally, it is worth 
noting that the lowest figures for compliance 18-24% still represent a substantial 
amount of exercise when expressed in terms of weeks (12-15 weeks) and this might 
help to explain the maintenance of bone mass that was observed even with what has 
been described as relatively low compliance in the current exercise programs. 
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5.5 Summary and Conclusions 
There have been a number of studies of the effects of impact exercise on bone mass 
in adult women, many prescribing supervised exercise sessions within a gymnasium 
or laboratory setting and at times, supplemented with home-based training (e.g. 
Bassey and Ramsdale, 1994; Kemmler et al., 2002). The current program was 
unique in a number of ways including the use of progressively incremented dropping 
heights with single foot landings with relatively well established loading profiles based 
upon forceplate measurements; the employ of home-based exercise alone; the 
prescription and testing of an impact exercise program targeting the forearm. 
The clinical relevance of these results might be implied by the work of Robling et al., 
(2002) cited in Chapter 1 who found that relatively small changes in aBMD (5 -12% in 
their rat ulnae) were associated with much larger percentage improvements in 
biomechanical properties including energy to failure. In addition, some support for 
improved fracture risk might be inferred by the improved T-scores at the various 
sites, particularly the neck of femur where fracture risk has been reported to increase 
by factors of 2.7, 2.6, 2.5, 2.7 and 2.8 (proximal femur, neck, intertrochanteric, 
trochanter, Wards respectively) for each one SD drop in T-score (Cummings et al., 
1993). In the current work the T-scores improved by 5.5-35% at these sites (Table 
5.22) for the exercisers though remaining negative. In controls, the T-score 
reductions ranged between 17 and 34%. Interpolation of these overall changes with 
the fracture risks (cited above) might suggest a positive clinical outcome for the 
exercisers. Interestingly, the spine was the only site at which exercisers actually 
achieved positive T-scores but this was observed only for the five most compliant 
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subjects. Since no subjects were excluded from the analyses, significant 
improvements at all sites in the face of low compliance overall, strengthens the 
conclusion that this form of progressively incremented impact exercise engendering 
moderate GRFs is an effective form of exercise for bone mass improvement that can 
be carried out in the home with little equipment. 
Summary of the main findings: 
1. Each of the exercise programs produced significant improvements in bone mass 
at their target sites with the greatest changes in percentage terms occurring at the 
ultradistal radius 
2. Improvements in bone mass were absolute (within group) as well as relative 
(between groups) and were achieved without supervision and without injury 
3. T-scores improved significantly for exercisers in each program but generally 
remained negative. 
4. Though exercise compliance was relatively low, bone mass was retained even in 
the least compliant exercisers but lost at nearly all sites in non-exercising controls 
5. Both groups improved their calcium intake on the basis of recommendations 
made. 
Conclusions 
1. A 68-week home-based moderate impact activity program can deliver significant 
and clinically relevant improvements in bone mass at common sites of 
osteoporotic fracture 
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2. Home-based moderate impact activity can maintain bone mass at targeted sites 
even in the face of relatively low compliance 
3. The outcomes of this form of exercise (improved bone mass or maintenance) are 
determined by compliance 
Recommendations: 
Given that the time course of the changes in bone mass evoked by the exercise 
programs was unknown, it would be useful to carry out bone measures after six 
months in similar studies. Furthermore measures that allow estimates of geometric 
bone properties (QCT) would be useful to determine to what extent changes in 
aBMD, are accompanied by bone redistribution and improved indices of strength. In 
the light of the negative correlations found for the tibia in study 2 (Determinants of 
bone mass) the response of the tibial shaft should be monitored in similar studies. 
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APPENDIX A 
 
 
 
 
 
• NEWSPAPER ADVERTISEMENT 
 
• APPROACH LETTER FOR PARTICIPATION IN INTERVENTION 
STUDY 
  
 
 
 
  
 
 
 
 
 
 
 
Osteoporosis & Swimming Study 
 
School of Medical Science 
 
 
Research Project 
Does regular swimming in the absence of weight bearing activity lead 
to low bone mineral density? Volunteers are being sort for a study 
exploring the effect of swimming on the strength of the skeleton by 
measuring the bone mass of adult female premenopausal swimmers. 
We wish to compare the bone mass (strength) of the skeletons of 
swimmers  with  "normal" women  of  the  same  age  and  then  see 
whether a specifically designed exercise programme can produce an 
increase in skeletal strength. This work is being carried out by Kate 
Greenway, a lecturer in the Division of Biosciences at RMIT in 
Bundoora. 
 
If interested or require further information please contact Kate. 
Email: k a t e . g r e e n w a y @ r m i t . e d u . a u  
 
Tel: 9925 7494 (BMD), 94386626 (ah), 0417 113 162 (mob). 
 
 
 
 
 
 
 
 
 
 
  
 
  
 
 
 
 
 
 
 
 
RMIT 
UNIVERSITY 
 
 
 
 
 
Division of Biosclences 
 
Bundoora Campus 
PO Box 71 
Bundoora 3083 
Victoria Australia 
 
Tel    +613 9925 7075 
Fax  +613 9925 7083 
medicalsciences@rmit.edu.au 
http://www.l ife.rmit.ed u.au/ms 
 
 
Dear 
 
 
The Bone Density and Exercise Group seek participants to take part in an intervention study. 
We are looking for women that have low bone density at one or more vulnerable sites. Low 
bone density refers to a bone density lower than average for your age. 
 
We wish to invite you to update your scans and possibly go on to join the 2006-2007 study 
should you wish. The scans involved are Hip, Spine, Total Body and Forearm 
 
Please ring or email as soon as you can and make an appointment for a visit in 2006. At the 
first visit we will measure your body composition and bone density and process the reports on 
the day to determine if your bone status has improved or remains lower than average for your 
age. Also on this occasion we can explain in more detail what is involved in the study should 
you wish to continue. 
 
Please feel free to contact us if you would like more information. 
Many thanks 
 
 
 
Kate Greenway 
9925 7494 
0417 113 162 
9438 6626 
Email: 
 
 
 
 
 
  
 
351 
 
 
APPENDIX B 
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Bone Density & Exercise Study 
 
Project Title:Bone Density & Impact Exercise in Adult Women 
 
Plain Language Statement 
 
RMIT 
UNIVERSITY 
 
HUMAN BIOLOGY & 
MOVEMENT SCIENCE 
 
 
Faculty of Biomedical & 
Health Sciences &
In brief we will be examining the effects of an impact exercise programme on bone mass in adult 
women. The study will take place over a twelve-month period. The project will require volunteers to 
take part in the following activities most of which will take place at the Bundoora campus of RMIT 
University. 
Bundoora Campus 
PO Box 71 
Bundoora 3083 
Victoria Australia 
 
Tel   +613 9925 7607 
A Interview: The following information is sought in the form of a comprehensive written questionnaire +613 9467 8589 
• Medical and menstrual history 
• Dietary and exercise habits 
• Activity and menstrual status 
 
B.  Measurement of body dimensions Anthropometric measurements like weight, height, limb lengths and 
girths. These tests are entirely non-invasive pain free with no harmful effects. A simple gripping device (you 
squeeze it) will be used to provide an indication of the strength of the forearm muscles. These measurements 
will be conducted during the time when bone density and body composition are assessed (see next heading). 
C.  Assessment of bone density using an X-ray based technique. You will be asked to both lie on and sit beside 
(not at the same time!) a machine which scans the body using a very low energy X-ray beam. There is no 
discomfort associated with this procedure and the X-ray "dose" involved is equivalent to about 5% of the 
maximum annual dose recommended by the NHMRC (Australia's peak research regulator) for research 
participants. Another way of describing the dose is that it represents 9% of the annual background radiation 
received just by residing in Melbourne. The DEXA scan (Dual Energy X-ray Absorptiometry), as it is called, is a 
very common measurement in this form of research. Scans to be conducted will be Total Body; Lumbar Spine; 
Hip; Forearm and Lower Leg. All of these scans are conducted in a single session that takes approximately 1.5 
hours. 
 
D.  Blood sampling.  Hormones and other chemicals effect the activity of bones and can act as 'markers' of bone 
activity. For these reasons, we would like to take a 20-ml sample of blood on three occasions:  at the 
commencement of the study, after six months and at the conclusion of the study (twelve months). This 
procedure is relatively painless as a skilled practitioner at a pathology laboratory does the sampling. Any risk of 
infection will be minimized by strict attention to sterile conditions. 
 
E.  Urine sampling will be required which will involve passing urine into a specimen jar (normally collected at the 
time of blood collection). These samples will be required on two occasions and are used to measure estrogen, 
a hormone associated with menstrual status and bone metabolism. 
 
F.  Diet assessment. Eating patterns can influence bone formation so we are particularly interested in calcium 
intake. We will ask that you complete a four-day record of all food and drink consumed. This diary will be 
completed at six-monthly intervals. 
 
G.  Activity Diaries: Activity diaries will need to be kept throughout the study to provide information in relation to 
your daily physical activities. 
 
Group Assignment: Should your bone density measurements be above average for age, we will not include you 
in the intervention study, however we wish to use your data to compare your bone density results with your life style 
history. People, who have lower than average bone density for age, will be invited into the intervention part of the 
project as follows: After taking initial measurements, half the group will be randomly assigned to an experimental 
group and the other to a control group. Those in the experimental group will undertake a specially designed 
exercise programme. This will take about 20 minutes whenever it is performed (eventually, four times a week) and 
will be carried out in your own home. Control group women will carry on with their lives as usual. 
 
Ethics: The guidelines on the classification of Human research projects put the present project in the "AT RISK' 
category because it involves "the removal of body fluids" and bone density scans. Pain and discomfort that may 
be associated with these procedures is minimal 
Contact  lnformation:Work: 9925 7536 (office), or  9925 7494 (bone density room), or 0417113 162 (mobile) After Hours: 
9438 6626, email address: kate.greenway@rmit.edu.au 
  
 
 
 
accompany the venipuncture are greatly minimized because the practitioner taking the blood is highly qualified for 
the tasks involved. As a precaution only, you will not be allowed to volunteer blood if you suffer from any physical or 
psychological disability, if you or any member of your family suffer from any blood disorder(s), if you are pregnant or 
if you have already donated blood in the previous two weeks. 
 
If you are placed in the exercise programme group there is a possibility of injury. This risk will be minimal, as we 
require that you be reasonably fit and free from medical conditions that might predispose to trauma. After a 
thorough familiarisation session the individualised exercise programme will begin. Should any issues arise while in 
the exercise programme, please contact Kate as soon as possible.                         · 
 
Exercises: For those in the exercise group: The exercise programme will involve: a. dropping from various 
heights (about the height of a normal stair step to start with) to land on the feet and b.falling against a wall to land 
on your hands. These exercises are designed to deliver known forces to the bones of the body. The landing forces 
generated by this type of exercise will be measured on a device called a force plate. The forces on the lower 
extremities will eventually reach loads greater than are experienced when a normal person runs while those on the 
hands should reach loads similar to those encountered by the feet during walking and running. The number of 
landings and the height of drops will be monitored and modified as the study progresses. To ensure safety, the 
progression in such loading will be gradual and governed by principles commonly applied to strength training 
programmes and you will not be expected to perform outside your comfort zone. You will be taught how to do each 
of the exercises and provided with a set of steps from which the lower extremity dropping and landing exercises are 
performed. The exercise programme will be recorded and monitored via a simple tick system in an exercise diary 
and a session after 6 months at RMIT where we will measure the forces that you are creating. The exercise 
programme amounts to about 20 minutes per day four times a week. 
 
What's  in it for  you?  The information that is gathered will help us establish whether a simple home-based 
exercise programme can strengthen the skeleton and thus help to prevent osteoporosis. Quite apart from helping 
us to answer this question, you will learn a lot about your own body and how it responds to or has responded to 
your activity and diet habits. Feedback on all your reports and many other questions related to these results will be 
performed immediately after each test. You do not pay for these tests. What we ask of you is the time and 
commitment that it will take to remain involved for over a full year after baseline interviews and measurements are 
complete. 
 
What will happen to the information collected after the study is complete? The information will be used as the 
basis for publications in scientific journals, conference presentations and possibly, articles in the popular press. In 
all cases, no individual will be identifiable because each subject will have an assigned code number to be used (if at 
all) in any reports. In addition, it is most common for combined data to be reported rather than the results of 
individuals (averages etc). It is normal to retain all information for a period of time (up to 15 years) and all this data 
will be kept under lock and key, accessible only to the researchers (password protected computer and all files kept 
in a locked office). At the conclusion of the study we will send you synopses of the results and any abstracts from 
publications. Should you wish for further information we will provide access to the complete published articles. We 
will also conduct a meeting on the findings for all subjects and interested parties and provide you with an invitation 
to attend. 
 
Can Isee my results? We will attempt to give you updates as soon as we have results and you have a right to see 
any and all of your individual results as well as the right to withdraw any of your data at any time. 
 
You have the  right  to  withdraw  at anytime  and all information concerning individuals is confidential - no 
individual will be identified in any publications, presentations or conversations that may arise from the work unless 
those involved grant their permission in writing. 
 
In addition to the above information and before consenting as a volunteer in the project, further information and a 
consent form will be supplied. If you have any questions please ring myself or Dr Peter Rich at RMIT. 
Thank you for your support. 
Faithfully, 
 
Kate Greenway Anatomy 
Lecturer Medical 
Sciences Bundoora 
West Campus Office 
Phone: 99257494 
kate.greenway@rmit.edu.au 
 
Peter Rich Senior 
Lecturer Medical 
Sciences 
Bundoora West Campus 
 
Office Phone: 99257593 
 
peter.rich@_rrnit.eelu. au 
  
 
 
 
RMIT 
RESEARCH PROJECT INVOLVING HUMAN SUBJECTS 
 
 
Please Note: This is a prescribed form. 
 
It is a requirement of the RMIT  Research Ethics Committee. 
 
 
 
DEPARTMENT OF HUMAN BIOLOGY AND MOVEMENT SCIENCE 
FACULTY OF LIFE SCIENCES 
 
 
Prescribed Consent For Persons Participating in Research Projects Involving 
Tests and/or Procedures 
 
 
 
Name of participant:------------------------ 
Project Title: Exercise & Bone Mineral Density 
Name of investigator: Kate Greenway 
 
1. I consent to participate in the above project, the particulars of which- including details of 
tests or procedures- have been explained to me and are appended hereto. 
2. I authorise the investigator or her assistant to use with me the tests or procedures referred to 
under (1) above. 
3. I acknowledge that: 
 
a)  The possible effects of the tests or procedures have been explained to me to my 
satisfaction; 
b)  I have been informed that I am free to withdraw ofthe project at any time and to 
withdraw any unprocessed data previously supplied; 
c)  The project is for the purpose of research and/or teaching and not for treatment; 
 
d)  I have been informed that the confidentiality of the information that I provide will be 
safeguarded. 
 
 
 
Signature: 
------------------ 
Date:  
(Participant) 
 
 
Signature:     
(Witness) 
--------- 
 
 
 
Date:---------- 
  
 
 
 
• 
RMIT 
RESEARCH PROJECT INVOLVING HUMAN SUBJECTS 
 
 
Please Note: This is a prescribed form. 
 
It is a requirement of the RMiT  Research Ethics Committee. 
 
 
 
DEPARTMENT  OF HUMAN BIOLOGY AND MOVEMENT SCIENCE 
FACULTY OF LIFE SCIENCES 
 
 
Prescribed Consent  For Persons Participating in Research Projects Involving 
Tests and/or Procedures 
 
 
Name of participant:   _ 
 
 
 
Project Title: Reliability Study for Bone Mineral Density 
 
 
 
Name of investigator: Kate Greenway 
 
1. I consent to participate in the above project, the particulars of which- including details of 
tests or procedures- have been explained to me and are appended hereto. 
2. I authorise the investigator or her assistant to use with me the tests or procedures referred to 
under (1) above. 
3. I acknowledge that: 
 
a)  The possible effects of the tests or procedures have been explained to me to my 
satisfaction; 
b)  I have been informed that I am free to withdraw of the project at any time and to 
withdraw any unprocessed data previously supplied; 
c)  The project is for the purpose of research and/or teaching and not for treatment; 
 
d)  I have been informed that the confidentiality of the information that I provide will be 
safeguarded. 
 
 
 
Signature:   _ Date:  
(Participant) 
--------- 
 
 
Signature:   _ Date:  
(Witness) 
---------- 
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HEALTH ISSUES OF WOMEN 
 
Kate Greenway has compiled this booklet for the purpose of research into some of the 
health concerns of women. The questionnaire is one of the instruments used in a research 
project, which is being conducted at the Royal Melbourne Institute of Technology 
University. 
 
The questionnaire forms the basis of a bone mineral density study. It is divided into 6 
sections with 2 appendices: 
 
• Part One General Information 
• Part Two Physical Activity 
• Part Three Swimming History 
• Part Four Menstrual Status 
• Part Five Medical Condition 
• Part Six Dietary Habits 
• Appendix A Classification of Physical Activity 
• App.en. dix B Injury Forms 
 
 
INSTRUCTIONS 
 
 
 
1. This questionnaire is designed to enable collection of data on your historical levels df 
physical activity, wellbeing and dietary habits in order to help in establishing 
recommendations for better health, as well as enable us to match you into study groups 
for the bone density project. 
 
2. This questionnaire will precede an interview or appointment. Please keep this document 
handy and bring it with you for your next appointments. Please complete as best you 
can and post in reply paid envelop supplied. 
 
3. Read the questions carefully and answer in the places provided. Some questions 
simply require you to circle an appropriate number or tick an item. Other questions ask 
you to specify or name the relevant information. 
 
4. Answers to some questions will require some preparation prior to the appointment, such 
as medical/menstrual history and dietary and physical activity over a previous week. I 
have tried to provide the question and the space for all variations of answers. If there 
are any problems with the answering of the questionnaire or if you wish to make some 
comment, do not hesitate to contact me at home ph: (03) 9438 6626 or on my mobile 
0417 113 162. 
 
5. All comments and information that you give will be kept confidential. 
 
 
 
 
 
 
 
 
Date of Interview: - I I - 
  
 
 
 
 
PART ONE 
 
GENERAL INFORMATION 
 
 
1. Name     
(SURNAME) 
2. Age (Years) 
(FIRST NAME) 
 
Date of Birth 
 
3. Address      
 
   Postcode   _ 
 
 
4. Phone:  Home   Work 
 
5. Best time to phone    
 
 
Day of Week_ 
Best time to phone    _ 
Day of week  _ 
Email address:    
 
 
6. In what country were you born?    
 
 
7.  Are your parents still alive? 
 
Mother:  1.  Yes 2.  No Father:  1.   Yes 2.  No 
 
 
8.  In what country/countries were your parents born? . 
 
.   Mother   _ 
Father   _ 
 
9. How many brothers and/or sisters do you have? 
Brothers  Sisters   
10. Are you one of a twin? 1. Yes 2. No Identical? 1. Yes 2.No 
 
 
11. What is the highest level of education.. you have reached? 
 
 
 
 
12. At what age did you attain this level of education?   
 
13. Today's Date: I I 
 
  
  
 
 
 
PART TWO 
CURRENT PHYSICAL ACTIVITY 
 
 
Consider your physical activity during the last 7 days: 
Week commencing_/_/_· 
Refer to the table of activity categories provided (Appendix A). 
 
 
1. How many hours did you sleep each night during this week? 
 
Mon Tues Wed Thur Fri Sat Sun    
 
Physical activity during the last 7 days. Do not include light activities such as slow walking, 
light house' NOrk, bowling, archery, etc. 
 
 
2. MODERATE ACTIVITIES. Consider what activities you did and state how many total 
hours to the nearest 15-3d mins for each day. 
 
Mon Tues Wed Thur Fri Sat Sun 
 
 
 
3. HARD ACTIVITIES. Consider what activities you did and state how many total hours to 
the nearest 15-30 mins for each day. 
 
Mon Tues Wed Thur Fri Sat Sun .     · 
 
 
 
4. VERY HARD ACTIVITIES. Consider what activities you did and state how many total 
hours to the nearest 15-30 mins for each day.  . 
 
Mon Tues Wed Thur Fri Sat Sun 
 
 
5. Compared with your activity over the past three months, was this week's physical 
activity: 
 
 
 
1. More 2. Less. 3. About the same 
       
      
  
 
 
 
 
ACTIVITY 
 
A 
 
B c 
 
D 
 
E 
 
F 
 
Example: Sumo wrestling 
 
7 
 
15-21,32  
 
16 
 
2 
 
1.5 
 
1. Walking for pleasure 
      
 
2. Walking to and from work/shops 
       
 
3. Hiking with a pack: Back packing 
       
 
4. Dancing 
      
 
5. Bicycling to work/pleasure 
      
 
6. Home exercises 
      
 
7. Health club exercises : Aerobic Low Impact 
    
 
 
 
8. Aerobic High Impact 
      
 
9. Jogging 
      
 
10. Running 
      
11. Power walking   
      
 
12. Swimming : pool or beach 
      
 
13. Sailing 
      
 
14. Paddling or rowing for pleasure 
      
15. Paddling or rowing in competition   
      
 
16. Horse Riding 
      
 
17. Snow skiing, downhill 
      
 
18. Snow skiing, cross country 
      
 
19. Lawn bowling 
      
 
20. Ten pin bowling 
      
 
21. Volleyball 
      
 
22. Table tennis 
      
 
 
 
 
 
 
KEY: 
LIFE SPAN PHYSICAL ACTIVITY 
 
Using the key provided please complete the following table: 
 
Column A: If you have EVER performed this activity: for how many years? 
Column B: At what AGES did you perform this activity? (years of age) 
Column C: Did you perform this activity in the LAST 12 months (TICK) 
Column D: Number of WEEKS you performed it in each 12 month period? (1-52)  * 
 
Column E: Average number of DAYS/week you performed this activity? (1-7) 
Column F: Approximate TIME spent in this activity per day? (Hours & Minutes) 
  
 
 
 
.·. 
' 
. 
 
 
 
23. Tennis, singles 
 
24. Tennis, doubles 
 
25.Squash 
 
26. Badminton 
 
27. Yoga 
ACTIVITY A B c D E F 
 
28. Basketball/Netball: Playing 
 
29. Basketball/Netball:umpire/coach 
 
30. Hockey: playing 
 
31. Hockey:umpire/coach 
 
32 Golf: Walking, pulling buggy 
 
33. Weeding and cultivating garden 
 
34. Raking lawn/leaves 
 
35. Mowing lawn with power mower 
 
36. Mowing lawn, pushing hand mower 
 
37. Sitting, light work 
 
38. Walking without carrying 
 
39. Climbing stairs (no of flights) 
 
40. Standing, light work 
 
41. Walking lifting carrying objects 
 
42. Standing moderate/heavy work 
 
43. Sweeping/cleaning 
 
44. Other activities (name them) 
 
45. 
 
46.
 
 
47. 
 
48. 
 
49. 
 
50. 
  
 
 
* If insufficient space, please use lines 45- 50 
  
 
 
 
PART THREE 
 
SWIMMING HISTORY 
 
1.  How old were you when you first learned to swim? ________   2.    During the following years how much swimming did you do? 
 
 
 
 
Years of Age Weeks/Year Average Days/Week Average Hours/Day 
1    
2    
3    
4    
5    
6    
7    
8    
9    
10   
 
 
 
11    
12    
13    
14    
15    
16    
17    
18    
19    
20    
21    
22    
23    
  
 
 
 
 
Years of Age Weeks/Year Average Days/Week Average Hours/Day 
24    
25    
26    
27    
28    
29    
30    
31    
32    
33    
34    
35    
36    
37    
38    
39    
' 
40    
41    
42    
43    
44    
45    
46    
47    
48    
49    
50    
51    
52    
  
 
 
 
PART FOUR 
MENSTRUALSTATUS 
 
1. How old were you when you had your first period (in years and months): 
 
 
 
2. Regarding menopause or the change of life, do you think you are: 
 
1. Without any sign yet. · 2. Just beginning. 3. In the middle. 
 
2. Near the end. 5. Completed. 6. Don't know. 
 
 
3. Have you had a period in the last 12 months? 1. Yes 2. No 
 
 
4. If yes, which months did you have a period? (circle) 
 
 
 May June July Aug Sept Oct Nov Dec 
 
 
 Jan. Feb. Mar. April May June Jul Aug 
 
 
5. If no when did you last have a period? 
Year and month  or at age years and month             
 
6. Compared with 12 months ago are your periods: (circle) 
 
1. Less frequent. 2. About the same. 3. More frequent. 
4. Changeable. 5. Don't know. 6. Not applicable. 
 
7. Compared with 12 months ago, is your menstrual flow: (circle) 
 
1. Lighter. 2. About the Spme. 3. Heavier. 
4. Changeable each month. 5. Not applicable.  
 
8. Do you or have you ever experienced changes before your period that are/were a 
problem for you? 1. Yes 2. No. 
   
9. If you noticed changes were they any of the following? (tick)  
 
 
 
Fluid retention 
 
Irritable/grumpy (short tempered) 
 
 Tension/anxiety 
 
Headaches 
 
Backaches 
 
 Abdominal pain 
 
Sore/tender breasts 
 
eneral aches and pains 
 
Cramps 
 
Lethargy/tired 
 
Depressed 
 
 Swelling/bloating 
 
Nausea/vomiting 
 
Diarrhoea or constipation 
 
Feeling of heaviness 
 
1\Neight gain 
 
Disorientation (confusion) 
 
Cravings/hungry 
 
Uncomfortable· (discomfort, 
 
Less confident 
 
 Withdrawn 
 
!Skin breaking out 
.  
Hair loss 
 
Sleeplessness 
 
Feeling unwell 
 
Passing out (fainting) 
 
Clumsy/slow 
 
Hot flushes or night sweats 
 
Mood changes/Moody 
 
 Other (specify)  
 
10. Would you describe those premenstrual changes as: (circle) 
 
 
 
 
• Light:  You knew the symptoms were there but they bothered you only slightly. 
 
• Moderate:   You could control most of the effects  and relationships but they 
worried you. 
• Severe:  You could keep going but the effort was enormous and there were 
negative effects on relationships etc. 
• Incapacitating: Totally interfered with your life, work and relationships with others. 
 
 
11. During your swimming season which of the following applied to you? 
 
 
 
 
10.  Increased duration of periods 11.  Decreased duration of periods.. 
1. No periods at all. 2. Missed periods. 3. Early periods. 
4. Delayed periods. 5. Improved regularity 6. Heavier blood flows. 
7. Lighter blood flows. 8. Decreased cramps. 9. Increased cramps 
12. Have you ever been on the pill? Yes 1. 2. No  
 
  
 
 
If yes, at what ages and for how long? 
 
 
13. Are you currently on the contraceptive pill?  1. Yes  2. No 
 
 
If yes, name the pill    
 
 
14. Do you· use other forms of contraception?  1. ·Yes 2. No 
 
 
If yes specify    
 
 
15. Have you ever been pregnant?  1. Yes  2. No 
If yes how many times?  
16. Have you ever had a miscarriage?  1. Yes 2. No 
If yes how many times ?  
17. Have you ever given birth to a child ? 1. Yes  2. No 
If yes how many times?  
18.Have you brought up children in your home? (include your O'Ml  children, stepchildren, 
and related, or unrelated children.) 
 
1. Yes 2.  No If yes, how many and for how many years? 
  
 
NAME OF CONDITION 
 
Jl.GE 
 
NO. YRS 
 
NAME OF CONDITION 
 
AGE 
 
NO. YRS 
Asthma   Diabetes   
Thyroid  
 
 Epilepsy   
Bone disorder   Allergies/Eczema   
Back Pain   High blood pressure   
 
< 
Migraine headache   Heart disease   
Kidney problem   Arthritis/Rheumatism   
Liver problem   Cancer   
Stomach Problem   Respiratory Problem   
Bowel Problem   Other   
 
PART FIVE 
MEDICAL HISTORY 
 
1. How would you currently describe your overall state of health and well being 
 
 
1. Ill  2. Not well  3. Okay 4. Well.  5. Very well 
 
 
2. Do you or have you ever suffered from any of the following conditions? State the age 
at which you first were diagnosed and the number of years you were treated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
' 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3. Have you ever had an operation or procedure  for any reason at all requiring 
anaesthetic/hospitalisation? 1. Yes 2. No 
  
OPERATION AGE OPERATION AGE 
 
Cysts in ovary/uterus 
 
 
Caesarean 
Ectopic pregnancy 
IUD/Ioop removal 
Tubes undone/re-tied 
 
. , 
Other gynaecological 
  
Eye 
Ear 
Nose 
Neck/thyroid 
 
 
Dental 
 
 
Tonsils 
 
 
Cysts/cancer in the bowel 
 
 
Other cysts/lumps 
 
 
Melanoma 
  
Breast reduced/lifted 
 
 
Other cosmetic ops. 
 
 
 
 
 
 
 
Neurological 
 
 
Urinary tract/kidney 
 
 
Heart/lungs 
  Varicose veins 
 
 
Haemorrhoids/piles 
 
 
Other vascular ops. 
 
 
 
Appendix removed Hernia 
repair Gallstones/bladder 
removal Other bowel 
operations 
Other abdominal surgery 
 
 
 
 
 
 
 
 
 
 
 
Foot/leg Knee 
Back/spinal 
Other limb/skull 
No Operations 
 
 
4. Tick in the table below and record your AGE at the time 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
4. Are you currently using hormone replacement therapy (HRT)? (Other than the oral 
contraceptive pill) (Circle) 1.   Yes 2. No  
 
If yes, how long have you been using (HRT)? 
 
 
5. What is the name of your HRT medication? 
 
 
 
 
 
 
6. What benefits has this therapy provided for you? 
 
 
 
 
7. Have you had any side effects resulting from the use of this medication? 
 
1. Tender breasts 
 
4. Migraines/headaches 
 
7. Heavy/irregular bleeding 
2. Bloating/swelling 3. Weight gain 
 
 5. Fluid retention         6. Nausea 
 
8. Other (Specify)  _ 
 
 
8. Are you currently on any other medication?: include the contraceptive pill, medicinal 
herbs etc. (circle) 1.   Yes 2. No 
 
If yes, name the medication(s) in the space provided 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
9. Have you had a hysterectomy (removal of the womb)? 
 
1. Yes  No  
 
If yes, about what age?  
  
 
 
10.  Have you had removal of one or both ovaries? 
 
1. Yes  2. No 
 
One at about what age? 
 
 
BOTH at about what ages? 
 
 
 
11.  Have  you had your tubes tied/cut  (tubal ligation)?
 
 
 
 
 
 
1. Yes  2. No  If yes, about what age?   
 
12.  Have you had scraping of the lining of the uterus (dilatation and curettage)? 
 
 
1. Yes 2. No If yes, how many limes? 
 
 
13.  Have you had breast surge,.Y for cysts or benign (non-cancerous) tumours? 
 
 
1. Yes 2. No If yes, how many times? 
 
 
14. ·Have you had breast  surgery  for cancer? 
 
 
1. Yes  2. No  If yes, how many times? 
 
 
15.  Have you had radiation therapy for cancer of the uterus,  ovary,  or cervix? 
1. Yes  2. No  If yes, how many times?   
16.  Have you had chemotherapy for any form of cancer? 
 
 
1. Yes  2. No  If yes, how many times? 
  
17. Have you ever had a broken bone? 
 
 
1. Yes 2. No 
 
 
If yes which bone and age or year? 
 
 
BONE 
 
AGE 
 
YEAR 
   
   
   
   
   
   
   
 
18.  Have any of these broken bones been the result of minimal force (ie a stress. that 
would not normally be expected to break a bone)? 
 
 
1. Yes                      2.   No       If yes which one(s)? 
 
 
19.  Has anyone in your related family suffered osteoporosis (brittle bones)? 
 
 
1. Yes              2.No      If yes which relatives? 
 
20.  Has anyone in your related family broken bones as a result of minimal trauma? 
 
1.       Yes                2.   No        If yes what: 
 
 
 
Relationship                                                           Bone ------------ 
Relationship                                                          Bone -- --------- 
Relationship                                                              Bone ----------- 
  
 
 
 
  
 
 
 
 
 
HABITS 
PART SIX 
DIET 
 
1. Which describes your usual eating habits? (circle) 
 
1. Well balanced diet 2. No special diet 3. Vegetarian 
 
4. Weight reduction diet 
 
7. Other (Specify) 
 
5. Fat modified diet 
 
6. Diabetic diet 
 
2. For how long have you maintained these eating  habits? 
 
3. Do you smoke?  1. Yes  2. No 
If yes, how many cigarettes per day?   
COFFEE 
 
,  ' 
4. Do you drink coffee? 
 
1. Yes  2.No 
 
If yes, on average  how many cups of : percolated or espresso 
or filter coffee do you drink per day? 
 
 
5. How many cups of instant  coffee do you drink per day? 
 
and how many teaspoons of coffee per cup ? 
 
6. How many cups of decaffeinated coffee  do you drink per day  ? 
 
and how many teaspoons of coffee per cup ? 
 
TEA 
 
7. Do you drink tea other than herbal? 1. Yes  2.No 
 
If yes, on average; how many glasses per day? 
 
COLA DRINKS 
 
8. Do you drink cola drinks? (eg. Coke®, Pepsi®) 1. Yes  2.No 
 
If yes, on average, how many glasses per day? 
 
.   Or on average,  how many cans per day? 
 
  
ALCOHOL 
 
9. Do you drink alcohol? 1. Yes 2.No 
 
If yes, how many glasses of the following in a week? 
 
1. Beer              2. Lite beer                 3. Wine                 4. Spirits 
 
FAT 
 
10. What type of fat spread (margarine/butter) do you usually use? 
 
 
 
11. How many teaspoons of fat do you have per day (ave) ?  
   12.How many roast meals do you have in one month?  
 13.How many fried meals do you have in one month ?  
 
 14.When frying food, which fat/oil do you usually use? 
 
 
 
 
15.Do you add butter/margarine to vegies/meat after cooking? 
 
1. Always 2. Often 3. Sometimes 
 
4. Rarely 
 
5. Never 
 
6. Only on potato. 
 
16. What is the usual milk you consume? (circle only one) 
 
1. Whole 2. Rev® 3. Physical® 4. Skim 
 
5. Soywhole  6. Soy lite 7. Other, please specify 
  
17.1n the  last year, how frequently on average did you have the following foods? 
The amount in brackets refers to average serves. 
 
NB: 1 glass of milk per day could be recorded as 1/day or 7/week. 
Do not record as both. If you never have the item or have less than once a month then tick 
rarely/never 
Once a month = 1/4 a week, Once a fortnight = 1/2 a week etc 
 
FOOD ITEM DAY WEEK RARELY/NEVER 
MILK 
1 glass (200ml) 
1 tablespoon in tea/coffee 
1/2 cup with cereal 
   
YOGHURT 
1 carton (200mI) full fat 
1 carton (200mI) low fat 
   
CHEESE 
1 slice (20g) cheddar 
1 slice (20g) processed 
cottage (20g) 1 tablespoon 
   
ICE CREAM 
1 scoop (1OOg) 
   
SEAFOOD 
Fish 1 fillet 
Tinned salmon 1/2 cup (120g) 
Tinned tuna 1/2 cup (120g) 
Tinned sardines 4-5 _(_60g) 
   
 
 
< 
FRUIT&VEGIES 
Broccoli (60g) 
Orange (150g) 
Carrots (90g) 
French beans (60g) 
   
 
' 
OTHER 
Baked beans (1OOg) 
1 egg (55g) 
Tofu (50g) 
Bean Curd (50g) 
$teak (1OOg) 
bread (1 slice) (25g) 
 
 
 
. 
  
SUPPLEMENTS 
Vitamin C - dose : .. 
 
Iron- dose: 
Calcium -dose : 
Others : name and dose 
   
 
  
Appendix A 
CLASSIFICATION OF PHYSICAL ACTIVITY 
The following is a classification into levels of intensity of some of the activities in which 
you might participate. You are only requested to categorise your activity into MODERATE, 
HARD or VERY HARD. The remainder is for your information. 
 
LIGHT ACTIVITIES _(1.0-2.9 METS) MODERATE ACTIVITIES (3.0-4.9 METS} 
Bakery, general  2.0 
Billiards  2.4 
Canoeing for leisure  2.5 
Carpet sweeping  2.6 
Cooking  2.6 
Ballroom dancing (slow)  2.9 
Drawing (standing)  2.1 
Eating  1.3 
Driving harvester 2.3 
Driving tractor 2.1 
Golf, power cart 2.5 
Milking by machine  1.3 
Horseback riding - walking · · 2.3 
Ironing  1.9 
Knitting, sewing  1.3 
Machine tooling machining  2.7 
Working sheet metal 2.7 
Music playing 
Accordion (sitting)  1.8 
Cello (sitting)  2.3 
Conducting  2.2 
Flute (sitting)  2.0 
Horn (sitting)  1.7 
Piano (sitting)  2.3 
Trumpet (standing)  1.8 
Violin (sitting)  2.6 
Woodwind (sitting)  1.8 
Painting (inside)  1.9 
Printing  2.0 
Shoe repair, general  2.6 
Tailoring 
Cutting  2.3 
Hand sewing  1.8 
Machine sewing  2.6 
 P 
Typing 
Electric  1.5 
Manual  1.8 
Volleyball (non-competitive) 
 2.
9 (6-9 member team) 
Wallpapering  2.7 
Writing (sitting)  1.7 
Walking on level, firm surface 
3.2 kph  2.5 
Callisthenics (no weights)  4.0 
Carpentry, general  3.0 
Cleaning, heavy  3.5 
Croquet  3.4 
Cycling, leisurely, 8.8 kph  3.7 
Electrical work  3.3 
Farming 
Feeding cattle  4.9 
Feeding animals  3.7 
· Milking by hand  3.1 
Fencing a farm 3.5 
Forestry 
Axe chopping, slow  4.9 
Sawing, power  4.3 
Stacking firewood  5.0 
Weeding  4.1 
Frisbee playing  3.0 
Gardening  
<
 
Hedging  4.4 
Raking  3.1 
Golf (without a power cart) 4.9 
Gymnastics  ' 3.8 
Horseback riding  3.0 
Locksmith  3.3 
Machine tooling 
Operating lathe  3.0 
Operating punch press  5.0 
Tapping and drilling  3.7 
Welding  3.0 
Mopping floor  3.5 
Moto-cross  3.0 
Mowing lawns with push mower  3.0 
Music, playing drums  3.8 
Painting, outside  4.4 
Planting seedlings  4.0 
Plastering  4.5 
Sailing and board sailing  3.0 
Scraping paint  3.6 
Stock clerking  3.1 
Surfing  3.0 
Table tennis  3.9 
Window cleaning  3.4 
Walking on level, firm surface: 
4.8 kph  3.3 
6.4 kph (briskly)  4.5 
  
CLASSIFICATION OF PHYSICAL ACTIVITY 
 
HARD ACTIVITIES (5.0 6.9 METS) VERY HARD ACTIVITIES (. 6.9 METS) 
Badminton  5.5 
Ballet, 
Barre work  5.0 
Centre floor: female 5.6 
Climbing hills with no load  6.9 
Coal shovelling  6.2 
Cycling, leisurely, 15 kph  5.7 
Dancing, ballroom/square  5.5 
Dancing, aerobics  6.0 
Farming, shovelling grain  5.5 
Forestry 
Hoeing  5.2 
Planting by hand  6.2 
Karate or Judo 6.5 
Roller skating  6.5 
Skiing, water or downhill  6.8 
'  ' 
Surfing  6.0 
Tennis, singles  6.0 
Tennis, doubles  6.0 
Ice skating(,14.4 kph) 5.5 
Walking on level, firm surface 
7.2 kph  6.0 
Weight Lifting 
Ballet, 
Centre floor : male  8.0 
Boxing 
In ring  7.9 
Sparring  12.7 
Circuit training  10.6 
Climbing hills 
With 5 kg load  7.4 
With 10 kg load  8.0 
With 20 kg load  8.4 
Cycling, racing  9.7 
Digging ditches  8.3 
Farming, barn cleaning  7.7 
Field hockey  7.7 
Football  7.5 
Forestry 
Fast axe chopping  17.0 
Barking trees  7.0 
Carrying logs 10.6 
Sawing by hand  7.0 
Gardening, digging  7.2 
Handball  10.0 
Marching, rapid 
Rope jumping  12.0 
Running 
9.6 kph (6.3 min/k) ' 10.2 
11.2 kph (5.3 min/k) 11.7 
12.8 kph (4.7 min/k) 13.3 
14.4 kph (4.1 min/k) 14.8 
16 kph (3.8 min/k) 16.3 
Skiing, cross country  10.0 
Skindiving 
Moderate motion  11.8 
Soccer 12.0 
Squash  12.1 
Swimming, moderate 
Continuous  7.0 
 
Activities are classified by MET values. One MET is the energy expended by a person 
at rest. Three METS represents a task that required three times resting energy 
expenditure (for example, walking at 3 mph or 4.8 mph). Tvvelve METS represents a 
task that requires 12 times resting energy expenditure (running at an 8 minute mile 
pace or a 5 minute km pace). All physical activity can thus be described in terms of 
how many METS it requires (1 MET= 3.5 ml oxygen per kilogram per minute of work). 
  
PHYSICAL ACTIVITY INTENSITY CODES 
 
 
 
LIGHT ACTIVITIES (1.0-2.9 METS) 
 
Although light activities are not recorded on the coding form a description and a list are 
presented here for your information. Most activities involving sitting, standing, or slow 
walking will fall into this category. Examples would include office work, driving, clerking in 
a store, cooking, bowling, and playing cards. Some exceptions to this general rule might 
include standing while operating certain machines that require exertion of some strength, 
lifting and carrying. 
 
 
MODERATE ACTIVITIES (3.0-4.9 METS) 
 
These activities require increases in energy cost from three to five times the resting level. 
This level is marked by modest increases in heart rate and breathing. Most healthy 
individuals find these activities comfortable and can continue them for a few hours without 
fatigue. Many household and home repair activities fall into this category as do many light 
industrial tasks.                  · · 
 
 
HARD ACTIVITIES (5.0-6.9 METS) 
 
Activities in this category require further increases in energy expenditure and greater 
physiological  adjustments. When  working  at  this  intensity  most  people  will   have 
noticeable increases in breathing and will likely perspire. Most untrained people could not 
work at this intensity without taking frequent rest periods (eg. 10 minutes/hour). A few of 
the most vigorous household, home repair and gardening tasks are in this category as are 
vigorous sports and ballet dancing. Occupational examples include some heavy 'industrial 
work, some construction, and some heavy agricultural tasks 
 
 
VERY HARD ACTIVITIES(>/= 7.0 METS) 
 
These activities include strenuous sports involving a lot of movement or running. Very few 
household or occupational tasks in our culture require this level of energy expenditure. 
Exceptions include carrying heavy loads, digging or chopping with heavy tools, or other 
similar hard physical labour. Only well-trained individuals can work at these intensities for 
extended periods of time. Untrained adults would probably have to have a work-to-rest 
ratio of 50-50 when performing these tasks over any length of time. 
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• CARDIOVASCULAR RISK FACTOR  QUESTIONNAIRE 
 
 
• CERTIFICATE OF MEDICAL  CLEARANCE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
  
 
 
 
 
 
 
 
 
4 
 
''-.  Date 
 
 
 
 
 
CARDIOVASCULAR RISK FACTOR QUESTIONNAIRE 
RMIT 
UNIVERSITY 
 
 
In order to be eligible to participate  in the Exercise & Bone Density Study you 
are  required  to  complete  the  following  questionnaire  which  is  designed  to 
assess  the  risk  of  you  having  a  cardiovascular   event  during  an  exhaustive 
exercise bout 
 
 
 
Date of Birth:   Age: _ ----------- Years 
HUMAN BIOLOGY & 
MOVEMENT SCIENCE 
 
 
Faculty of Biomedical & 
Health Sciences & Nursing 
 
Bundoora Campus 
PO Box 71 
Bundoora 3083 
Victoria Australia 
 
Tel   +61 3 9925 7607 
Fax  +613 9467 8589 
 
Weight: 
 
 
kg 
 
Height: 
'
 em 
 
 
Give a brief description  of your average activity pattern in the past two months: 
 
 
 
 
 
 
. \....._ /  _/ 
Circle the appropriate Response to the following questions. 
 
1. Are you overweight?  No  Don't Know 
 
2.  Do you smoke?  Yes  Social 
 
3.  Does your family have a history of premature cardiovascular problems 
 
 
 
4.  Are you asthmatic? 
Yes  
  
 
 
Don't Know 
( eg heart attack, stroke)?  Yes  Don't Know 
 
5. Are you diabetic?  Yes 
 
6.  Do you have high blood cholesterol?  Yes 
 Don't Know 
 
7.  Do you have high blood pressure?  Yes  Don't Know 
 
8.  Are you on any medication?      No 
If so, what is the medication?  
 
 
 
Do you think you have any medical complaint or any other reason which you know  of which you think may prevent  you from participating in strenuous exercise?   Yes   
 
 
If Yes please elaborate 
 
 
 
 
 
 
 
l, 
-- -
.
,-
\. 
·   _o..·_-_-      :-::_·......cr.·.J:.  , believe that the 
 
answers to these questions  are true and correct 
 
 
Signed: , , 
- 
 
- "---------- 
  
Certificate of Medical Clearance 
 
EXERCISE & BONE DENSITY STUDY 
 
 
 
This form is to be used to assess the ability of the client to perform a maximal oxygen 
uptake (V02max) test. This form must be completed by a qualified medical practitioner. 
Dear Doctor 
Thank you for completing this form in full and by printing all information for: 
 
 
 
Mr/Mrs/Ms/Miss ------------------------- 
(First Name) (Surname) 
 
of    
 
 
 
 
--------------------- Postcode ------ 
 
 
who is a participant in the BONE DENSITY & EXERCISE  STUDY at RMIT, Melbourne. A 
Maximal Oxygen Uptake (V02max) test is to be conducted on a stationary bicycle. By 
increasing the load against which the client works the aim is to achieve the clients 
maximal effort (heart rate). Please can you declare the above client as fit or not fit to 
perform this test. 
 
 
I have assessed Name: --------------------and found 
her/him to be fit /not fit to participate in this fitness test. (please circle) 
 
 
 
 
 
Medical Practitioner: 
 
Name:  _ 
 
 
 
Address:   _ 
Postcode:   Telephone:   _ 
 
Signature:-----------------Date:,  _ 
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APPENDIX E 
 
 
 
 
 
 
 
 
ISOTONIC EXERCISES PERTAINING TO CHAPTER 2 
 
 
 
 
• CHEST PRESS 
 
• BICEPS CURL 
 
• TRICEPS PULL DOWN 
 
• UPRIGHT ROW 
 
• LAT PULL DOWN 
 
• LEG EXTENSION 
 
 
• LEG CURL 
 
• PULLEY PUNCH 
 
• VERTICAL JUMP 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
                                                                       
    t 
 
Chest press 
 
 
 
 
 
 
Upright row 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Biceps Curl 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lat pull down 
 
 
 
 
 
Triceps pull down 
  
 
 
 
 
Leq extension  Leq press 
 
 
 
 
 
 
 
 
 
 
 
Leg curl 
 
                            Vertical Jump
 
 
 
Pulley Punch 
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APPENDIX F 
 
 
 
ACTIVITY DIARY 
 
 
 
 
• INSTRUCTIONS 
 
• ACTIVITY LOG 
 
 
 
 
EXERCISE LOG 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
  
Aerobics (High Impact) AH Running RU 
Aerobics (Low Impact) AL. Walking WA 
Circuit Training CT Weight Training (Lower Body) WL 
Cycling CY Weight Training (Upper Body) wu 
Gardening GA. Swimming sw 
 
 
 
 
 
INSTRUCTIONS: 
 
 
1.. Complete your diary on a daily basis 
 
It is very important to fill in your training diary each day as it is often difficult to 
recall the events of the previous days. It is best to get into a habit of 
completing the diary immediately after a training session or at the end of 
the day. Your diary will be collected regularly and returned to you as soon 
as possible so that you can continue to use your diary to assist you in your 
training. An individualised and personalised analysis of your training record 
will then be processed for  your information. Lapses and absence of 
training are expected. Please record each day, do not miss any days. 
 
2. Understand how to record your training 
 
Ensure that you understand how to record your training in the appropriate 
sections by reading all the instructions and studying the sample diary at the 
end of this booklet. If it is not clear do not hesitate to telephone. 
Contact Kate: home: 9438 6626; reception: 9925 7607; BMD: 9925  7494 
 
3. Be as accurate as you can 
 
In your recording please fill in as much detail as you can by completing the 
diary as soon as possible after the activity. Omit the sections that do not 
apply to you. Include rest days/weeks/months. 
 
4. General Section 
 
Complete this section by filling in your name, address and telephone 
number(s); along with the best times to contact you. Enter your date of 
birth, age, height 
5. Current PersonalBest (Swimming Only) 
 
In the table provided record on a regular basis (monthly if possible) your 
current best times  for  the  various distances you  swim.  Update this 
according to each time trial in which you swim. If possible please attempt 
time trials in each of strokes and distances t at you train or compete. This  ' 
is  a ·measure of  your  maximal  performance  at  any  one  time,  not 1 
necessarily your best time for that event. 
 
6. Physical Activity Section 
 
Each page represents a week. Each double line on each page of your training 
diary represents one day of activity. Fill in the date under the appropriate 
day. Record the nun;;ber of hours you slept the night before, measure your 
pulse before you rise in the morning as this can be a useful guide to 
overtraining. Time spent stretching (put nil if you did not stretch). 
 
Activity 
 
Record each of your physical activities. For example walking, trampolining, 
gymnastics, gardening, running, cycling, weight training, circuit training, 
high impact aerobics, low impact aerobics etc. Specify the type of activity 
using the following coding system. State and use your own 2/3 letter codes 
for other activities not included. 
 
 
;;-;: 
,1 
  
.I Activity I 
. Code 
I 
Activity  
I 
Code 
 
 
 
 
 
 
 
 
a) Start time 
Record the time of day that your exercise session commences. 
b) Distance (for Walking, Running,Swimming etc) 
Record the total distance in kilometres (eg 1.6) for the full session. 
Include warm up and cool down. 
 
c) Time (for all activities) 
 
Record the total time in minutes (eg 100 mins) for the full session. 
Include warm up and cool down. 
 
d) Training Types 
 
•  Your swimming training has been divided into ·a number of types: 
 
•  Endurance (E): When the  predominant mode is continuous at a 
steady pace. 
•  Interval (1): When the predominant mode   is at a more elevated 
pace with intervals of recovery in between. Usually done in sets. 
Recovery phase consists of complete rest or activity at an easy 
pace. 
•  Sprints (S) - When the predominant mode of is sprint work at a 
maximum  pace  with  longer  periods  of  recovery in  between. 
Competition would be included in this section 
 
• . Other types of training yeu may like to include such as skills, 
please create a code for such training and enter as necessary. 
 
e) Intensity 
 
Record the intensity of your workout as either High (H), Medium 
(M) or Low (L) according to how you feel. Do not compare this 
rating against how others in your squad rate the session. If you 
varied your intensity during the session, choose a rating which 
describes your average feeling of exertion, 
 
f)  Maximum Heart Rate 
 
Sometime during your session, either at the climax -of your 
intervals or immediately at the conclusion of a distance adMty it'fs 
a good ide.a to .take your heart rate and record this as a r'naxinlal 
Heart Rate in beats per minutes. This can be done by talking the 
 
heart beats over 10 seconds as soon ·a possible after maximal 
effort and multiplying by 6 to give you beats per minute (bpm) 
 
7. Menstruation 
 
Please keep a strict record of your menstrual cycle. Record your days 
of menstrual bleeding with a + for slight spotting, ++ for a moderate 
"" amount of bleeding, +++ for heavy bleeding and ++++ for severe 
bleeding days. Any irregularities or atypical events please inclucfe·iri"the 
comments columh. 
\ 
8. Weight 
 
Record your weight in kilograms on a fortnightly basis 
 
9. Comments 
 
Record presence and location of pain, change in health, injury etc. 
 
 
 
>I·; 
1.<' 
. ' 
  
Thu AM . 
 
 
Week No................ ACTIVITY LOG  Commencing  ........../......../......... 
 
 
 
 
Day  Sleep  Rest  Stretch Time  Physical Activities  Menses  Weight Comments 
& (hours) HR pre  I  post  of Activity Dist  Type  lnten  MaxHR Time  Bleeding 
Date (bpm) (mins)  Day  Code (Km) ElliS  H/M/L  bpm (mins) +i++i+++  (Kg) 
 
Mon 
 
 
 
 
Tue 
 
 
 
····················· 
 
 
 
 
OOoOoOooooooooooooOn 
························· ............... ............... 
 
 
 
 
························· ··············· ··············· 
AM 
···································· ........................ ·············· ······················ ······················· ······················ ·························· ······················· ..................................................................................................... 
 
PM 
 
AM .................................... ························ ·············· ...................... ....................... ······················ .......................... ....................... ..................................................................................................... 
 
PM 
 
Wed  
 
 
..................... 
......................... ............... ............... AM .................................... ........................ .............. ...................... ....................... ...................... .......................... ....................... ..................................................................................................... 
 
    PM    
 
........................................ ............... .................................... ........................ .............. ...................... ....................... ...................... .......................... ............................................................................................................................ 
 
 
 
 
Fri 
 
 
 
 
Sat 
 
 
 
 
Sun 
 
 
 
Swim 
Totals 
Only 
..................... 
 
 
 
 
..................... 
 
 
 
 
..................... 
PM 
 
........................................ ............... ..........A...M.... ..................................... ........................ .............. ......................  ....................... ...................... ................................................. ..................................................................................................... 
 
PM 
 
........................................ ............... ..........A...M....  .................................... ......................................  ...................... ....................... ...................... ................................................. ..................................................................................................... 
 
PM 
 
........................................ ...............  ..........A...M.... .................................... ...................................... ......................  ....................... ......................   ......................................................................................................................................................l   
Codes: 
,Type:Type of training. Endurance= E, Interval = I, Sprint= S Intensity: Intensity of training= High= H, Medium= M, Low= Land Maximum HR in beats/min 
  
 
 
 
 
 
Exercise Regime 
 
 
 
Week Week 
Drops  Number of drops Punches  Number of punches 
Level 1 sets reps L R Total sets reps L R Total 
Start 
1 2 X 3 6 6 12 3 X 7 21 21 42 1 
2 2 X 4 8 8 16 3 X 8 24 24 48 2 
3 2 X 5 10 10 20 3 X 9 27 27 54 3 
4 3 X 4 12 12 24 4 X 7 28 28 56 4 
5 3 X 5 15 15 30 3 X 10 30 30 60 5 
6 3 X 6 18 18 36 4  X 8 32 32 64 6 
7 2 X 10 20 20 40 4  X 9 36 36 72 7 
8 3 X 8 24 24 48 4  X 10 40 40 80 8 
 
Level 2 sets reps L R Total sets reps L R Total 
Start 
9 2 X 3 6 6 12 3 X 7 21 21 42 1 
10 2 X 4 8 8 16 3 X 8 24 24 48 2 
11 2 X 5 10 10 20 3 X 9 27 27 54 3 
12 3 X 4 12 12 24 4 X 7 28 28 56 4 
13 3 X 5 15 15 30 3 X 10 30 30 60 5 
14 3 X 6 18 18 36 4 X 8 32 32 64 6 
15 2 X 10 20 20 40 4 X 9 36 36 72 7 
16 3 X 8 24 24 48 4  X 10 40 40 80 8 
 
Level 3 sets reps L R Total sets reps L R Total 
Start 
17 2 X 3 6 6 12 3 X 7 21 21 42 1 
18 2 X 4  8 8 16 3 X 8 24 24 48 2 
19 2 X  5 10 10 20 3 X 9 27 27 54 3 
20 3 X 4  12 12 24 4  X 7 28 28 56 4 
21 3 X 5 15 15 30 3 X 10 30 30 60 5 
22 3 X 6 18 18 36 4 X 8 32 32 64 6 
23 2 X 10 20 20 40 4 X 9 36 36 72 7 
24 3 X 8 24 24 48 4 X 10 40 40 80 8 
 
Level 4 sets reps L R Total sets reps L R Total 
Start 
25 2 X 3 6 6 12 3 X 7 21 21 42 1 
26 2 X 4 8 8 16 3 X 8 24 24 48 2 
27 2 X 5 10 10 20 3 X 9 27 27 54 3 
28 3 X 4  12 12 24 4  X 7 28 28 56 4 
29 3 X 5 15 15 30 3 X 10 30 30 60 5 
30 3 X 6 18 18 36 4  X 8 32 32 64 6 
31 2 X 10 20 20 40 4  X 9 36 36 72 7 
32 3 X 8 24 24 48 4  X 10 40 40 80 8 
  
 
 
 
 
 
Exercise Regime 
 
 
 
Week Week 
Drops  Number of drops Punches  Number of punches 
Level 5 sets reps L R Total sets reps L R Total 
Start 
33 2 X 3 6 6   12 3 X      7   21 21 42 1 
34 2 X 4 8 8    16 3 X 8 24 24 48 2 
35 2 X 5 10 10 20 3 X 9 27 27 54  3 
36 3 X 4 12 12 24 4 X   7 28 28 56 4 
37 3 X 5 15 15 30 3 X 10 30 30 60 5 
38 3 X 6 18  18 36 4 X 8  32 32  64 6 
39 2 X 10 20 20 40 4 X 9 36 36 72 7 
40 3 X 8 24 24   48 4 X 10 40 40 80 8 
 
Level 6 sets reps L R       Total sets reps L R Total 
Start 
41 2 X          3  6 6 12 3 X 7 21 21 42 1 
42 2 X 4 8 8 16 3 X 8  24 24 48 2 
43 2 X          5 10 10 20 3 X   9    27 27 54 3 
44 3 X 4 12 12 24 4 X 7  28 28 56 4 
45 3 X     5  15  15 30 3 X 10 30 30 60 5 
46 3 X 6 18 18 36 4 X 8   32 32 64 6 
47 2 X 10 20  20 40 4 X      9    36 36 72 7 
48 3 X 8  24  24    48 4 X 10 40 40 80 8 
 
Level 7 sets reps L R Total sets reps L R Total    
Start 
49    2 X 3 6   6 12 3 X 7 21 21 42 1 
50 2 X 4 8 8 16 3 X 8 24 24 48  2 
51 2 X 5 10 10 20 3  X      9   27 27 54 3 
52 3 X 4 12 12 24 4 X 7 28 28 56 4 
53 3 X 5 15 15 30 3  X 10 30 30 60 5 
54 3  X 6 18  18 36 4 X 8 32 32 64 6 
55 2 X 10 20 20 40 4 X 9 36 36 72 7 
56    3  X 8 24 24 48 4 X 10 40 40 80 8 
 
Level 8 sets reps L R Total sets reps L R Total 
Start 
57 2 X 3 6 6 12 3 X   7 21 21 42 1 
58 2 X   4 8 8 16 3 X 8 24 24 48 2 
59 2 X 5 10 10 20 3 X 9  27 27 54 3 
60    3  X 4 12 12 24 4 X   7 28 28 56 4 
61 3  X 5  15  15 30 3 X 10 30 30 60 5 
62 3 X 6 18 18 36 4 X 8 32 32 64 6 
63 2 X 10 20 20 40 4 X      9   36 36 72 7 
64 3  X 8 24 24 48 4 X 10 40 40 80 8 
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• CURRENT PHYSICAL ACTIVITY 
 
• LIFESPAN PHYSICAL ACTIVITY 
 
• CALCIUM INTAKE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
PART TWO 
CURRENT PHYSICAL ACTIVITY 
 
 
Consider your physical activity during the last 7 days: 
Week commencing_/_/_ 
Refer to the table of activity categories provided (Appendix A). 
 
 
1. How many hours did you sleep each night during this week? 
 
Mon Tues Wed Thur Fri Sat Sun 
       
 
Physical activity during the last 7 days. Do not include light activities such as slow walking, 
light houseW'Ork, bowling, archery, etc. 
 
 
2. MODERATE ACTIVITIES. Con.sider what activities you did and state how many total 
hours to the nearest 15-30 mins for each day. 
 
Mon Tues Wed Thur Fri Sat Sun 
       
3. HARD ACTIVITIES. Consider what activities you did and state how many total hours to 
the nearest 15-30 mins for each day. 
 
Mon Tues Wed Thur Fri Sat Sun .   · 
       
4. VERY HARD ACTMTIES. Consider what activities you did and state how many total 
hours to the nearest 15-30 mins for each day.  . 
 
Mon Tues Wed Thur Fri Sat Sun 
       
 
5. Compared with your activity over the past..three months, was this week's physical 
activity: 
 
 
 
1. More 2. Less. 3. About the same· 
  
 
ACTIVITY 
 
A 
 
B c 
 
D 
 
E 
 
F 
 
Example: Sumo wrestling 
 
7 
 
15-21,32 
 
-.J 
 
16 
 
2 
 
1.5 
1. Walking for pleasure  .. 
      
2. Walking to and from work/shops       
 
3. Hiking with a pack: Back packing 
      
 
4. Dancing 
      
 
5. Bicycling to work/pleasure 
     < 
 
6. Home exercises 
      
 
7. Health club exercises : Aerobic Low Impact 
      
 
8. Aerobic High Impact 
      
 
9. Jogging 
      
 
10. Running 
      
11. Power walking  . 
      
 
12. Swimming : pool or beach 
      
 
13. Sailing 
      
 
14. Paddling or rowing for pleasure 
      
 
15. Paddling or rowing in competition 
      
 
16. Horse Riding 
      
 
17. Snow skiing, downhill 
      
 
18. Snow skiing, cross country 
      
 
19. Lawn bowling 
      
 
20. Ten pin bowling 
      
 
21. Volleyball 
      
 
22. Table tennis 
      
 
 
 
 
 
 
 
 
KEY: 
 
LIFE SPAN PHYSICAL ACTIVITY 
 
Using the key provided please complete the following table: 
 
Column A: If you have EVER performed this activity: for how many·years? 
Column B: At what AGES did you perform this activity? (years of age) 
 
Column C: Did you perform this activity in the LAST 12 months (TICK) 
Column D: Number of WEEKS you performed it in each 12 month period? (1-52)  * 
Column E: Average number of DAYS/week you performed this activity? (1-7). 
Column F: Approximate TIME spent in this activity per day? (Hours & Minutes) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
' 
  
 
 
ACTIVITY 
 
A 
 
8 c D 
 
E F 
 
23. Tennis, singles 
      
 
24. Tennis, doubles 
      
 
25. Squash 
      
 
26. Badminton 
      
 
27. Yoga 
      
 
28. Basketball/Netball : Playing 
      
 
29. Basketball/Netball: umpire/coach 
      
 
30. Hockey : playing 
      
 
31. Hockey :umpire/coach 
      
 
32 Golf : Walking, pulling buggy 
      
 
33. Weeding and cultivating garden 
      
 
34. Raking lawn/leaves 
      
 
35. Mowing lawn with power mower 
      
 
36. Mowing lawn, pushing hand mower 
     
 
 
37. Sitting, light work 
      
 
38. Walking without carrying 
      
 
39. Climbing stairs (no of flights) 
    
 
 
 
 
40. Standing, light work 
      
 
41. Walking lifting carrying objects 
      
 
42. Standing moderate/heavy work 
      
43. Sweeping/cleaning       
 
44. Other activities (name them) 
      
45.  
 
 
      
.•   
46. y  
      
 
47. 
       
 
48. 
      
 
49. 
      
 
50. 
      
 
 
* If insufficient space, please use lines 45- 50 
  
.In the  last year, how frequently on average did you have the following foods? 
The amount in brackets refers to average ser:ves. 
 
NB: 1 glass of milk per day could be recorded as 1/day or 7/week. 
Do not record as both. If you never have the item or have less than once a month then tick 
rarely/never 
Once a month= 1/4 a week, Once a fortnight= 1/2 a week etc 
 
FOOD ITEM DAY WEEK .RARELY/NEVER 
MILK 
1 glass (200ml) 
1 tablespoon in tea/coffee 
1/2 cup with cereal 
   
YOGHURT 
1 carton (200ml) full fat 
1 carton (200mI) low fat 
   
CHEESE 
1 slice (20g) cheddar 
1 slice (20g) processed 
cottage (20g) 1 tablespoon 
   
ICE. CREAM 
1 scoop (1OOg) 
   
SEAFOOD 
Fish 1 fillet 
Tinned salmon 1/2 cup (120g) 
Tinned tuna 1/2 cup (120g) 
Tinned sardines 4-5 (60g) 
   
 
 
< 
FRUITNEGIES 
Broccoli (60g) 
Orange (150g) 
Carrots (90g) 
French beans (60g) 
  
 
. 
OTHER 
Baked beans (1OOg) 
1 egg (55g) 
Tofu (50g) 
Bean Curd (50g) 
.steak (1OOg) 
bread (1 slice) (25g) 
 
 
 
. 
  
SUPPLEMENTS 
Vitamin C - dose : .. 
 
Iron- dose : 
Calcium -dose : 
Others : name and dose 
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